PEER-REVIEWED REVIEW ARTICLE

bioresources.com

Mycoremediation of Copper: Exploring the Metal
Tolerance of Brown Rot Fungi
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In recent decades, fungal roles in bioremediation of toxic contaminants
such as potentially toxic elements (PTEs) residing in soil, waste water, and
landfills have been studied. Bioremediation is an alternative way to deal
with toxic contaminants in the environment. Some decay fungi are able to
remove metals by producing metabolites, such as oxalate, which can react
with metal ions and generate insoluble forms of metal:crystal complexes.
Brown-rot fungi have the ability to produce extracellular oxalate in
significant amounts, and this is closely related to chelation of copper by
precipitating to copper oxalate crystals. Copper-tolerant brown-rot fungi
have a potential role in a bioremediation system by depolymerizing the
structure of wood treated with copper-based wood preservatives and
adapting to copper through increased oxalate production and formation of
copper oxalate crystals. The focus of this review is to suggest that coppertolerant brown-rot fungi could be a viable option for use in future
mycoremediation practices.
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INTRODUCTION
Copper Pollution
Copper pollution impacts a wide range of environmental niches, including soils and
water (Lacerda et al. 2009; Andrade et al. 2010; Kwan et al. 2015; Rojas et al. 2017).
Copper-treated wood waste generally causes pollution in landfills, and it can be harmful to
human health, resulting in the potential for cancers and respiratory, pulmonary, and
cardiovascular illnesses (Jambeck et al. 2006; Mercer and Frostick 2014; Ayala et al.
2016). If acute exposure to copper happens, it has the potential to cause death (Hey et al.
2009). Copper is used to control plant diseases, especially on grapes (Komárek et al. 2010;
Andreazza et al. 2015). It is documented that copper-based pesticides can affect the health
of farm workers by causing neurological, immune, and reproductive diseases (Remor et al.
2009). Also, copper mining waste sites are notably problematic due to high copper
concentrations (EPA 2017). Potentially toxic elements (PTEs) contaminate certain areas,
making it highly available for uptake by plants, water, and soil. It is estimated that
approximately 400 million cubic feet of preservative-treated wood is produced annually in
the United States (Clausen et al. 2014).
Replacement of decayed wood products from homes and buildings costs over $5
billion annually, with 10% of the annual production of forests going towards replacement
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of decayed products. Copper-based preservatives are the primary biocide used to protect
wood from ground-contact exposure (Freeman and McIntyre 2008). Copper is an effective
fungicide against many wood decay fungi, although certain brown-rot fungi have the ability
to overcome or tolerate the copper component (Freeman and McIntyre 2008).
Eco-friendly Strategies for Copper Pollution
Using microorganisms to decontaminate soil and water is known as bioremediation
and consist of two main methods: contaminated material is treated at the site is referred to
as in situ and treatment out of the site is called ex situ (Rhodes 2013). Removal of
contaminated soil can be costly and time consuming. However, if soil or water can be
rendered harmless where it lands, the cost of remediation will be reduced and timemanageable. Incineration has the potential to produce dioxins. Extraction of PTEs from
soil is also not realistic, as it is unable to completely eliminate copper or other heavy metal
from the environment. By contrast, myco- or bioremediation is a viable solution that can
provide degradation of toxic organic materials. In addition, mycoremediaton has the
potential to bind toxic metals and render them inert in the environment. This includes
transformation of these contaminants to different non-toxic forms such as CO2, H2O, and
HCl (Rhodes 2014). PTEs are basically captured by metal-tolerant organisms such as fungi.
Certain species of fungi, including copper-tolerant brown-rot fungi, can feed themselves
with copper sources, binding copper with a metabolite (oxalate) that it readily produces
during decay; such a process can yield inert copper oxalate crystals (Clausen and Green III
2002).

IMPORTANCE OF BIOREMEDIATION
Disposal of copper-based preservative-treated wood waste will be an increasing
problem in future years. Development of alternative treatment systems is crucial because
of increasing toxicity, leaching, and other potential environmental effects which have a
significant impact on disposal of copper-treated wood waste (Lebow et al. 2008).
Remediation of wood waste is an important step before incineration or landfilling because
of public health concerns (Kartal 2003). There are several methods for remediation of
treated wood waste such as landfilling, reuse, incineration, chemical extraction, pyrolysis,
and mycoremediation.
Mycoremediation is one of the well-known bioremediation techniques that uses
fungi to process contaminated water or soil. Fungal mycelium has the ability to secrete
extracellular enzymes and break down organic contaminants into carbon dioxide and water.
Wood decay fungi play a key role in breaking down toxic components into less harmful
forms. Enzymatic activities of these fungi aid in the degradation of complex compounds
and can lead to the elimination of toxic materials from the environment. An example of
mycoremediation is using mushrooms and macro-fungi like Pleurotus species (also called
oyster mushrooms). Pleurotus species have a high biosorption potential due to their
extensive biomass, i.e. mycelial production (Vaseem et al. 2017). The genus has been
reported to accumulate high levels of PTEs and is used for mycoremediation of copper
(Kapahi and Sachdeva 2017; Vaseem et al. 2017). Interestingly, some native microfungal
strains (Aspergillus, Trichoderma harzianum, Clonostachys rosea) have been isolated from
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a silver-polluted site indicating silver myco-accumulation from metal contaminated wasterock dump sites (Cecchi et al. 2017). Another example is the assessment of Ni
accumulation by fungi for a possible approach to remove metals from soil and water
(Cecchi et al. 2017).
Removing heavy metals, specifically copper, by using tolerant fungi is an
alternative and beneficial option to reprocess wood waste components (Humar et al. 2004).
Copper-tolerant brown-rot fungi have the ability to overcome the toxicity of copper-based
wood preservatives (Fig. 1). Many brown-rot fungi such as Postia, Serpula, Fibroporia,
and Wolfiporia sp. are known to be copper-tolerant (De Groot and Woodward 1999;
Clausen and Green 2003). Copper-tolerant organisms have the ability to immobilize and
precipitate copper into copper oxalate, rendering the toxic copper ions inert (Murphy and
Levy 1983). The mechanism of copper tolerance has been theorized to involve additional
mechanistic pathways, such as trapping metal ions by cell-wall components, shuttling
intracellular copper ions via transporter pumps to the outside of the fungal cell, managing
pH levels during fungal establishment, regulating the acid hydrolysis of cellulose, aiding
the reduction of Fe3+ to Fe2+ in non-enzymatic decay, and facilitating the chelation and
detoxification of metal ions (Schilling and Jellison 2005).

Fig. 1. Decay test set up (AWPA E22-12) with feeder strips (A) covered with copper-treated
ground wood exposed to F. radiculosa (B)

COMMON COPPER-BASED TREATMENTS
Wood products are used broadly in outdoor applications and residential
construction. Wood can be degraded by several different organisms, especially in outdoor
applications. Thus, wood products are treated with biocides to prevent degradation.
Treated wood is an economical construction material with ecological benefits. Wood
preservatives must be effective against a wide range of fungi and termites; be resistant to
leaching; be able to penetrate wood and remain in the wood; be resistant to corrosion; repel
water; be economically feasible; have low impact on the environment; and have safe
handling and use.
Creosote, oil-borne pentachlorophenol (penta), and the water-borne arsenicals,
principally chromated copper arsenate (CCA) are called first-generation preservatives
(Levi 1973). CCA was the main wood preservative used in residential construction until
the 1990s when some concerns arose about exposure and disposal of arsenic and chromium
in the CCA-treated wood (Preston 2000; Freeman et al. 2003). In 2004, the Environmental
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Protection Agency (EPA) limited the use of CCA to industrial applications (Lebow 2004;
Lebow et al. 2004; Freeman and McIntyre 2008; Lebow 2010). Due to the restriction of
CCA, the American Wood Preservers Association (AWPA) continues to regulate a range
of chromium and arsenic-free formulations that use copper as the major active ingredient
(Lebow 2004; Clausen and Lebow 2011). Copper can inhibit the growth of bacteria, fungi,
insects, and mold. Because of these properties, it is currently the main component used to
protect wood for residential applications (Freeman and McIntyre 2008). Copper has
efficiency against a wide variety of wood-inhabiting organisms including the decay fungi.
Copper as the primary form of protection may cause certain problems, such as the
development of tolerance or water toxicity. Tolerant organisms have the capacity to grow
in the presence of high concentrations of toxic metals. Because of this tolerance, copper
formulations are combined with an organic co-biocide to provide greater defenses.
Quaternary amines and azoles are the common copper co-biocides (Shupe et al. 2008).
Copper is an essential micronutrient and a component of many enzymes, such as
laccase. However, in high concentrations it is a potent fungicide. Copper presently is the
main biocidal component used in preservative treated wood products, and it is active
against soft-rot and white-rot fungi as well as many species of brown-rot fungi; however,
certain brown-rot fungi have the ability to overcome or tolerate the copper-component
(Freeman and McIntyre 2008). Organic co-biocides, such as quats or azoles, are added to
the preservative formulation to inhibit copper-tolerant species. Hastrup et al. (2005)
defined copper tolerance as 'the capacity of an organism to survive in the presence of high
copper ions'. Not all brown rot fungal species are copper-tolerant, and among those that
are copper-tolerant, there is variation in tolerance levels, depending on the preservative
formulation, fungal species, as well as fungal isolate (Hastrup et al. 2005; Freeman and
McIntyre 2008). Additionally, the mechanisms fungi use to overcome or tolerate high
levels of copper are likely not the same and could vary depending on specific preservative
formulations, fungal species, and even fungal isolate. Thus, there is unlikely just a single
mechanism employed by fungi for copper tolerance.
Currently, one of the most common wood preservatives on the market for
residential construction is ammoniacal copper quaternary (ACQ). ACQ can be found in
different formulations (Coudert et al. 2013), and these formulations vary with respect to
the ratio of copper oxide (CuO) to the co-biocide. ACQ-A contains a 1:1 ratio of CuO to
co-biocide, while ACQ-B, ACQ-C, and ACD-D contain a 2:1 ratio. The co-biocides, called
quaternary compounds, or quats, can also vary in different formulations. Didecyldimethylammonium carbonate (DDA-Carb) or didecyldimethyl-ammonium chloride (DDAC) are
the biocides found in ACQ-A, ACQ-B, and ACQ-D, and alkylbenzyldimethyl-ammonium
chloride (ADBAC) is the biocide in ACQ-C (Lebow et al. 2004). Another common
preservative for the residential market is copper azole (CA), which contains an amine
copper and an azole co-biocide. The common current formulation is called CA-B and
contains 96% copper and 4% tebuconazole. Organic wood preservatives have been in used
in the past as an alternative wood protection choice because of the environmental concerns
with toxic metals, which are present in the copper based wood preservatives (Catallo et al.
2008). For example, two common azole co-biocides, tebuconazole and propiconazole, are
common fungicides and are biodegradable in the soil (Palanti and Susco 2004).
Micronized copper formulations have become alternative preservatives in the
current decade. In this system, micronized particles are formed by grinding insoluble
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copper in water or oil-containing a dispersing agent. In the current market, combinations
are called micronized copper quaternary (MCQ) and micronized copper azole (MCA).
Micronized copper carbonate formulations usually have a pH 7 to 9, but addition of acids
to the compositions may result in a neutral or acidic pH (Freeman and McIntyre 2008).
All treated wood (not limited to just copper-treated wood) has been shown to
release small amounts of preservative components into the soil or sediment. These
detectable concentrations of preservatives are limited to the areas close to the wood
structure. In addition, these leached preservative components typically react with soil
components, which limit mobility. Leached preservative levels in the soil can increase over
time but haven’t had any notable impact on diversity and abundance of the soil flora. There
are specific conditions where there is a high potential for preservative leaching, which
directly relates to a high potential of metal accumulation, but are mostly restricted to marsh
areas with little to no water exchange. The limited water exchange allows the leached
preservative metals to accumulate in soil, sediments, and organisms (Lebow 2010).
Simple mycoremediation mechanism represented (Gadd 2004, 2007) by fungal
action on organic and inorganic substrates, mediated by enzymes and metabolites, e.g.
protons (H+), carbon dioxide (CO2), and organic acids, and physicochemical changes
occurring as a result of metabolism; uptake, metabolism or degradation of organic
substrates; uptake, accumulation, sorption, metabolism of inorganic substrates; production
of organic metabolites, exopolymers, and biomass; production of inorganic metabolites,
secondary minerals and transformed metal(loid)s; and chemical interactions between
organic and inorganic substances, e.g. complexation and chelation (Fig. 2A)

BROWN-ROT DECAY MECHANISM
Brown-rot decay has often been referred to as non-enzymatic decay because, like
some aspects of white-rot decay discussed above, brown-rot decay is first observed as
'decay at a distance'. Brown-rot fungi use both a non-enzymatic and an enzymatic approach
to decay wood cell walls, but they lack the main lignin-degrading enzymes found in the
white-rot fungi (Kuan and Tien 1993). Thus, as the wood cell walls are being degraded by
brown-rot fungi, the wood loses structural integrity due to the breakdown of hemicellulose
and cellulose. A modified lignin is left behind, resulting in a dark brown wood that is often
cracked into cuboidal sections. Brown-rot decay is the major type of decay found in wood
in residential or building applications (Eriksson et al. 1990).
Brown-rot fungi enter the wood through the ray cells and axial parenchyma, moving
into the cell lumen through pit membranes (Eriksson et al. 1990; Daniel 2014). Some
species of brown-rot fungi can produce bore holes, but pit membranes appear to be the
primary access. Hyphae grow within the cell lumen, producing a slime sheath that binds
the hyphae to the S3 layer of the cell wall. Decay begins in the S2 layer, while the S3 layer
and middle lamella are not affected in the early stages; thus, decay is occurring away from
the hyphae. Characteristics of brown-rot decay include rapid depolymerization of the
hemicellulose and cellulose in the S2 layer, resulting in a rapid reduction in wall strength
early in the decay process, with only a small detectable loss in weight. There can be
widespread loss of hemicellulose and cellulose when only a small amount of hyphae is
present, producing an excess of polysaccharide by-products (Eriksson et al. 1990; Arantes
Akgul et al. (2018). “Cu-tolerant mycroremediation,” BioResources 13(3), 7155-7171.
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and Goodell 2014). All enzymes are too large to penetrate the S3 and S2 layers at the early
stage of decay. As decay progresses, the porosity of the cell wall layers increase and
breakdown of the other cell layers is also observed. During this process, lignin is modified
by demethylation of both the phenolic and non-phenolic portions, and some loss of lignin
in the cell walls and middle lamellae is observed (Eriksson et al. 1990).
Initial entry of the wood tracheids by brown-rot fungi has been hypothesized to
occur via chelation of Ca2+ ions by oxalate during incipient decay. Chelation of the Ca2+
ions allows hydrolysis of the β-1,4 linkages between the polysaccharide units that make up
pectin within the bordered pit membranes of wood tracheids (Green et al. 1996).
Precipitation of calcium oxalate crystals allows fungal organisms entry through the
bordered pit membranes (Schwarze 2007). The formation of calcium oxalate crystals also
plays a crucial role in regulating the pH of the environment. Management of pH levels and
the development of pH gradients between the hyphae and wood cell wall occur as the
crystals are solubilized. It is possible that brown-rot fungi regulate pH by utilizing the
crystalline and acid forms of oxalate in certain environments (Goodell 2003). During nonenzymatic (incipient) decay when the wood porosity is too small for enzymes, brown-rot
fungi produce low molecular mass agents that are responsible for cell wall
depolymerization by free radical production (OH) via the Fenton reaction (Fe2+ + H2O2 
Fe3+ + OH + OH-). Extracellular hydrogen peroxide (H2O2) reacts with ferrous iron
(Fe2+), creating hydroxyl radicals (OH) that are able to diffuse through the cell wall and
degrade hemicellulose (Xu and Goodell 2001). For the Fenton reaction to occur, brownrot fungi require certain mechanisms to solubilize iron from iron oxides, to reduce Fe3+ to
Fe2+, and to produce H2O2 (Arantes et al. 2009). It has been hypothesized that the
production of these Fenton reagents relies on oxalate, which has the capability to reduce
Fe3+ and promote OH production. Schmidt et al. (1981) demonstrated that oxalate has the
ability to increase the activity of Fenton-based degradation by reducing Fe3+ to Fe2+.
However, the reactivity of Fe3+ is dependent upon the pH and concentration of oxalate in
the surrounding areas. Oxalate also has the potential to scavenge iron from iron-oxide
complexes by creating a pH gradient between the fungal environment and the cell wall.
Once iron is obtained, oxalate forms an iron-oxalate complex, which can diffuse into the
cell wall and initiate incipient decay in the S2 layer of the wood cell wall (Arantes et al.
2009).
Copper Tolerance
Copper is an essential micronutrient and a component of many enzymes, such as
laccase. However, in high concentrations it is a potent fungicide. Copper is the main
biocidal component used in preservative treated wood products, and it is active against
soft-rot and white-rot fungi as well as many species of brown-rot fungi; however, certain
brown-rot fungi have the ability to overcome or tolerate the copper-component (Sutter et
al. 1983; Freeman and McIntyre 2008). Organic co-biocides, such as quats or azoles, are
added to the preservative formulation to inhibit copper-tolerant species. Hastrup et al.
(2005) defined copper tolerance as 'the capacity of an organism to survive in the presence
of high copper ions'. Not all brown rot fungal species are copper-tolerant, and among those
that are copper-tolerant, there is variation in tolerance levels depending on the preservative
formulation, fungal species as well as fungal isolate (Hastrup et al. 2005; Freeman and
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McIntyre 2008) (Figs. 3 to 5). Thus there is unlikely a single mechanism employed by
fungi for copper tolerance.
Toxic levels of copper can denature proteins (including enzymes) and destroy the
integrity of the cell membrane and cell walls (Gadd 1993). Changes that have been
documented in some, but not all, fungi when adapting to high levels of copper include:
increased production of oxalate, production of a thicker cell wall and an increase in Nacetyl glucosamine (chitin) in the cell wall, and an increase in the volume of the protective
mucilaginous sheath (Green and Clausen 2003; Hastrup et al. 2006; Vesentini et al. 2006;
Freeman and McIntyre 2008; Arango et al. 2009). The mechanism by which increased
levels of oxalic acid confer tolerance is believed to be through the chelation of excess
copper ions to the oxalate, forming copper oxalate complexes. These complexes precipitate
into copper oxalate crystals on the surface of the wood cell, rendering the copper both
insoluble and inert (Woodward and DeGroot1999; Green and Clausen 2003). The level of
oxalate production during copper tolerance depends on preservative formulation as well as
species (Arango et al. 2009), with some copper tolerant brown rot species showing no
increase in oxalate levels. It has been well documented that the copper-tolerant brown rot
fungus, Fibroporia radiculosa, adapts to copper thorough increased oxalic acid production
and formation of copper oxalate crystals (Tang et al. 2013; Ohno et al. 2015).
As previously discussed, oxalate is believed to play a very important role in the
general mechanism of brown-rot decay by reducing the pH of the fungal sheath, promoting
solubilization of the ferric iron, and forming iron-oxalate complexes. However, in the
presence of toxic levels of copper, the levels of oxalate produced by the fungus drastically
increases. Biosynthesis of oxalate in brown-rot fungi potentially occurs through a coupling
of the tricarboxylic acid (TCA) cycle located in the mitochondria and the glyoxylate
(GLOX) cycle located in the peroxisome (Dutton and Evans 1996; Munir et al. 2001;
Hastrup et al. 2006). Figure 2A diagrams the inter-relationship between these two
metabolic cycles. Oxalate could be produced from excess malate originating from either
the TCA or GLOX cycles or from glyoxylate in the GLOX cycle (Munir et al. 2001; Tang
et al. 2013).
Production of Oxalate
The production of oxalate occurs in large quantities by numerous classes of fungi,
and is known to be a secondary metabolite of the decay process (Espejo and Agosin 1991;
Green et al. 1991; Hastrup et al. 2005). In CCA treated wood, fungi such as Coniophora
puteana, Fomitopsis palustris, and Laetiporus sulphureus have the ability to produce
oxalate at different levels, and aid in the bioremediation process (Clausen 2000; Kartal et
al. 2004a). In addition, the mold fungus Aspergillus niger has the ability to remove high
levels of Cr, Cu, and As from CCA treated wood, and the secretion of oxalate into culture
broth has been observed (Kartal et al. 2004b). Furthermore, Serpula lacyrmans, a brown
and dry-rot fungus, is known for its copper tolerance ability (Hastrup et al. 2005; Kose and
Kartal 2010; De Groot and Woodward 1999).
Brown-rot fungi exposed to wood, an environment with low carbon and nitrogen,
have the potential to generate oxalate instead of carbon dioxide from the tricarboxylic acid
(TCA) and the glyoxylate (GLOX) cycles (Dutton and Evans 1996; Schilling and Jellison
2005). Oxalate could be produced from excess malate originating from either the TCA or
Akgul et al. (2018). “Cu-tolerant mycroremediation,” BioResources 13(3), 7155-7171.
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GLOX cycles or from glyoxylate in the GLOX cycle (Munir et al. 2001). Isocitrate lyase
(ICL) converts isocitrate to glyoxylate and succinate in the GLOX cycle.

A
B

Fig. 2A. Fungal uptake-release mechanism on organic and inorganic substrates (adapted from
Gadd 2004, 2007); 2B. Proposed metabolic mechanism of oxalate production in the brown rot
fungus Fibroporia radiculosa (adapted from Munir et al. 2001 and Tang et al. 2013). Tricarboxcylic
acid (TCA) cycle occurs in the mitochondria (green circle) while the glyoxylate (GLOX) cycle occurs
in the glyoxysome (red circle).
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If the fungus needs to increase production of ATPs in the TCA cycle or increase
glyoxylate levels in the GLOX cycle, both isocitrate and succinate could be shunted
between the two cycles by an antiporter protein. Glyoxylate can be converted to oxalate
by the enzyme glyoxylate decarboxylase (GLOXDH). Thus, one possible source of
increased oxalate is to increase production of glyoxylate and conversion to oxalate (Fig.
2B) Recent genetic studies showed upregulation of both the GLOXDH and ICL genes in
Fibroporia radiculosa growing on MCQ treated wood (Tang et al. 2013). However, ICL
was not upregulated on copper citrate (CC) treated wood (Ohno et al. 2015) or on untreated
wood (Tang et al. 2013). High expression levels of GLOXDH are proposed to result in
increased oxalate production which forms copper oxalate crystals in F. radiculosa (Tang
et al. 2013). The concentration of oxalate was also found to be high when F. radiculosa
was growing on CC treated wood. Therefore, oxalate has the potential to accumulate as a
function of fungal respiration (Schilling and Jellison 2005).

Fig. 3. F. radiculosa actively removing copper on copper-treated (A) and copper azole treated (B)
ground wood (Akgul 2016).
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Fig. 4. F. radiculosa actively growing on copper-treated wood for 25 days (Akgul 2016)

Oxalate is believed to play a very important role in the general mechanism of
brown-rot decay by reducing the pH of the fungal sheath, promoting solubilization of iron,
and forming iron-oxalate complexes. However, in the presence of toxic levels of copper,
the levels of oxalate produced by the fungus F. radiculosa drastically increases. Figure 3
(A&B) shows that F. radiculosa removes copper in a copper and copper azole treatments
while it is growing on treated wood. Figure 4 and 5 show that greenish color of copper
treated wood changes over time depending on the fungal growth.

Fig. 5. F. radiculosa growing on copper-treated wood for 35 days (Akgul 2016)
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Genomic Studies on Copper-Tolerant Brown Rot Fungi
In genomic studies of copper-tolerant brown-rot fungi, the mechanism of copper
removal is not fully understood. Tang et al. (2013) analyzed the genes related to coppertolerance in F. radiculosa. In this analysis, specific proteins with functions related to
regulating copper concentrations were characterized, and it was found that three coppertransporting ATPase pumps and one copper homeostasis (CutC) gene were up-regulated
during the early stages of decay. The copper-transporting ATPase pumps are largely
responsible for preventing intracellular copper concentrations from becoming toxic in nonwood decaying fungi (Weissman et al. 2000). Jenkins (2012) measured expression of one
of these ATPase pumps in F. radiculosa on wood treated with 1.2% ammoniacal coppercitrate over an 8-week period. It was determined that expression of this pump was
significantly greater when exposed to the copper treatment at weeks 2 and 4 compared to
exposure on untreated controls. They hypothesized that ATPase pump functions to expel
toxic copper levels out of the cell during the early stages of decay and serves as a necessary
step of initial adaptation to copper (Jenkins 2012). Transcriptome analysis in Postia
placenta, provided information on the extracellular enzyme system (Martinez et al. 2009)
and sequencing of the S. lacrymans and Gloeophyllum trabeum. Such work provided the
necessary information for additional gene expression studies (Eastwood et al. 2011;
Floudas et al. 2012). Akgul (2016) showed that the copper treatment have the greatest
impact, and regulated 473 genes (compared to untreated) genes in the transcriptomic study
of F. radiculosa. Also, recently we showed that Aryl alcohol oxidase, catalase, oxalate
decarboxylase 2, and copper resistance P-type ATPase pump had higher expression on
alkaline copper quat type D treated wood compared with week 1 expressed when the
fungus was overcoming the wood preservatives and decaying the wood (Akgul et al. 2018).
In addition, two genes had high expression at week 5; glycoside hydrolase 5 and glycoside
hydrolase 10 when wood strength loss was around 50%. These new studies are important
to understand the genes that are involved in the mechanism of copper tolerance and wood
decay in F. radiculosa (Akgul et al. 2018). Further genetic studies need to be done to
provide additional knowledge to fungal bioremediation systems. Genetic studies on
copper-tolerant brown-rot fungi, such as gene expression analysis of copper removal genes,
will improve the understanding of the mechanism of copper removal.

POTENTIAL OF USING COPPER-TOLERANT FUNGI
Disposal of waste copper-based preservative treated wood will be a critical problem
in future years. Development of alternative systems become crucial because of increasing
toxicity, leaching, and other potential environmental effects which have a significant
impact on disposal of copper-based treated wood waste (Lebow et al. 2008). Coppertolerant brown-rot fungi have the ability to overcome the toxicity of copper-based wood
preservatives. Therefore, removing the heavy metals by using copper-tolerant fungi is an
alternative and beneficial option to reprocess the waste wood components (Humar et al.
2004) or any other environmental samples that need to be removed of copper. Future
studies need to be done in terms of understanding the effectiveness of copper-tolerant
brown rot fungi that have potential usage in mycoremediation.

Akgul et al. (2018). “Cu-tolerant mycroremediation,” BioResources 13(3), 7155-7171.

7165

PEER-REVIEWED REVIEW ARTICLE

bioresources.com

ACKNOWLEDGMENTS
This study was supported by Lucas Laboratory Advance Biodeterioration Research.
We are grateful to Dr. Susan Diehl for her excellent guidance.

REFERENCES CITED
Akgul, A. (2016). “Gene expression profiling of wood decay fungus Fibroporia
radiculosa grown on different organic and copper based preservatives,” PhD
Dissertation, Mississippi State University, 86 pp.
Akgul, A., Akgul, A., Tang, J. D., and Diehl, S.V. (2018). “Gene expression analysis of
wood decay fungus Fibroporia radiculosa grown in ACQ-treated wood,” Wood and
Fiber Science 50(2), 1-12.
American Wood Protection Association Standards. (2012). “E22-12 Standard:
Accelerated laboratory method for testing the efficacy of preservatives against wood
decay fungi using compression strength,” American Wood Protection Association
Book of Standards. American Wood Protection Association, Birmingham, AL 35236,
USA.
American Wood Protection Association Standards. (2012b). “A7 Standard: Wet Ashing
Procedures for Preparing Wood for Chemical Analysis,” American Wood Protection
Association Book of Standards. American Wood Protection Association,
Birmingham, AL 35236, USA.
Andrade, S. A. L., Gratao, P. L., Azevedo, R. A., Silveira, A. P. D., Schiavinatoa, M. A.,
and Mazzafera, P. (2010). “Biochemical and physiological changes in jack bean
under mycorrhizal symbiosis growing in soil with increasing Cu concentrations,”
Environmental and Experimental Botany 68, 2, 198-207.
Andreazza, R., Bortolon, L., Pieniz, S., Bento, F. M., and Camargo, F. A. O. (2015).
“Evaluation of two Brazilian indigenous plants for phytostabilization and
phytoremediation of copper-contaminated soils,” Brazilian Journal of Biology 75(4),
868-877.
Arango, R., Lebow, P., and Green III, F. (2009). “Correlation between oxalic acid
production and tolerance of Tyromyces palustris strain TYP-6137 to N’,N
naphthaloylhydroxamine,” International Biodeterioration and Biodegradation 63, 4651.
Arantes, V., and Goodell, B. (2014). “Current understanding of brown-rot fungal
biodegradation mechanisms: A review,” Deterioration and Protection of Sustainable
Biomaterials, ACS Symposium Series, Vol. 1158, American Chemical Society, USA,
pp. 3-21.
Arantes, V., Qian, Y., Milagres, A., Jellison, J., and Goodell, B. (2009). “Effect of pH of
oxalic acid on the reduction of Fe3+ by a biomimetic chelator and on Fe3+ desorption/
adsorption onto wood: Implications for brown-rot decay,” International
Biodeterioration and Biodegradation 63, 478-483. DOI: 10.1016/j.ibiod.2009.01.004.
Ayala-Parra, P., Sierra-Alvarez, R., and Field, J. A. (2016). “Algae as an electron donor
promoting sulfate reduction for the bioremediation of acid rock drainage,” Journal of
Hazardous Materials 317, 335-343. DOI: 10.1016/j.jhazmat.2016.06.011.
Akgul et al. (2018). “Cu-tolerant mycroremediation,” BioResources 13(3), 7155-7171.

7166

PEER-REVIEWED REVIEW ARTICLE

bioresources.com

Cecchi, G., Roccotiello, E., Di Piazza, S., Riggi, A., Mariotti, M. G., and Zotti, M.
(2017). “Assessment of Ni accumulation capability by fungi for a possible approach
to remove metals from soils and waters,” J. Environ. Sci. Health B. 52(3), 166-170.
DOI: 10.1080/03601234.2017.1261539.
Clausen, C. A. (2000). “CCA removal from treated wood using a dual remediation
process,” Waste Management & Research 18, 485-488. DOI:
10.1177/0734242X0001800510
Clausen, C. A., and Lebow, S. T. (2011). “Reuse and disposal,” Managing Treated Wood
in Aquatic Environments, Forest Products Society, Madison, WI, USA, pp. 435-449.
Clausen, C. A., and Green III, F. (2003). “Oxalic acid overproduction by copper-tolerant
brown-rot basidiomycetes on southern yellow pine treated with copper based
preservatives,” International Biodeterioration and Biodegradation 51, 139-144. DOI:
10.1016/S0964-8305(02)00098-7
Clausen, C., Green III, F., Kirker, G. T., and Lebow, S. (2014). Wood Protection
Research Council: Research Priorities 2013 (General Technical Report FPL-GTR232), U.S. Department of Agriculture, Forest Service, Forest Products Laboratory,
Madison, WI.
Coudert, L., Blais, J. F., Mercier, G., Cooper, P., Morris, P., Gastonguay, L., Janin, A.,
and Zaviska, F. (2013). “Optimization of copper removal from ACQ-, CA-, and MCQ
treated wood using an experimental design methodology,” Journal of Environmental
Engineering 139, 576-587. DOI: 10.1061/(ASCE)EE.1943-7870.0000639.
Daniel, G. (2014). “Fungal and bacterial biodegradation: white rots, brown rots, soft rots,
and bacteria,” in: Deterioration and Protection of Sustainable Biomaterials, D. D
Nicholas, B. Goodell, and T. P Schultz (eds.) ACS Symposium Series, American
Chemical Society, Washington, D.C. pp. 23-54.
Dutton, M. V., and Evans, C. S. (1996). “Oxalate production by fungi: Its role in
pathogenicity and ecology in the soil environment,” Canadian Journal of
Microbiology 42, 881-895. DOI: 10.1139/m96-114.
Eastwood, D. C., Floudas, D., Binder, M., Majcherczyk, A., Schneider P., Aerts A., and
Watkinson S. C. (2011). “The plant cell wall–decomposing machinery underlies the
functional diversity of forest fungi,” Science. 333(6043): 762-765.
EPA (2017). Report, Copper Mining and Production Wastes,
https://www.epa.gov/radiation/tenorm-copper-mining-and-production-wastes.
Espejo, E., and Agosin, E. (1991). “Production and degradation of oxalic acid by brown
rot fungi,” Applied and Environmental Microbiolog. 57(7), 1980-1986.
Eriksson, K.-E. L, Blanchette, R. A, and Ander P. (1990). Microbial and Enzymatic
Degradation of Wood and Wood Components Springer Verlag Publishers, Berlin,
Germany.
Floudas, D., Binder, M., Riley, R., Barry, K., Blanchette, R. A., Henrissat, B., and
Hibbett, D. S. (2012). “The Paleozoic origin of enzymatic lignin decomposition
reconstructed from 31 fungal genomes,” Science 336(6089), 1715-1719. DOI:
10.1126/science.1221748
Freeman, M. H., Shupe, T. F., Vlosky, R. P., and Barnes, H. M. (2003). “Past, present,
and future of the wood preservation industry: Wood is a renewable natural resource
that typically is preservative treated to ensure structural integrity in many exterior
applications,” Forest Products Journal. 53(10):8-16.
Akgul et al. (2018). “Cu-tolerant mycroremediation,” BioResources 13(3), 7155-7171.

7167

PEER-REVIEWED REVIEW ARTICLE

bioresources.com

Freeman, M., and McIntyre, C. (2008). “A comprehensive review of copper-based wood
preservatives with a focus on new micronized or dispersed copper systems,” Forest
Products Journal 58, 6-27.
Gadd, G. M. (1993). “Interactions of fungi with toxic metals,” New Phytologist 124, 2560.
Gadd, G. M. (2004). “Mycotransformation of organic and inorganic substrates,”
Mycologist 18 (2), 60-70. DOI: 10.1017/S0269-915X(04)00202-2
Gadd, G. M. (2007). “Geomycology: Biogeochemical transformations of rocks, minerals,
metals and radionuclides by fungi, bioweathering and bioremediation,” Mycol. Res.
111, 3-49. DOI: 10.1016/j.mycres.2006.12.001
Green III, F., Larsen, M., Winandy, J., and Highley, T. (1991). “Role of oxalic acid in
incipient brown-rot decay,” Material and Organismen 26, 191-209.
Green III, F., Kuster, T. K., and Highley, T. L. (1996). “Pectin degradation during
colonization of wood by brown-rot fungi,” Recent Research Developments in Plant
Pathology 1, 83-93.
Green III, F., and Clausen, C. A. (2003). “Copper tolerance of brown-rot fungi: time
course of oxalic acid production,” International Journal of Biodeterioration and
Biodegradation 51, 145-149.
Goodell, B. (2003). “Brown rot degradation of wood: Our evolving view,” Wood
Deterioration and Preservation: Advances in Our Changing World. American
Chemical Society, USA, pp. 97-118. DOI: 10.1021/bk-2003-0845.ch006
Hastrup, A. C. S., Green III, F., Clausen, C., and Jensen, B. (2005). “Tolerance of
Serpula lacrymans to copper-based wood preservatives,” International
Biodeterioration and Biodegradation 56, 173-177. DOI: 10.1016/j.ibiod.2005.06.008
Hastrup, A. C. S, Jensen, B., Clausen, C., and Green, F. (2006). “The effect of CaCl2 on
growth rate, wood decay and oxalic acid accumulation in Serpula lacrymans and
related brown-rot fungi,” Holzforschung 60: 339-345.
Humar, M., Bokan, M., Amartey, S. A., Sentjurc, M., Kalan, P., and Pohleven, F. (2004).
“Fungal bioremediation of copper, chromium and boron treated wood as studied by
electron paramagnetic resonance,” International Biodeterioration and
Biodegradation 53, 25-32. DOI: 10.1016/j.ibiod.2003.08.001
Jambeck, J. R., Townsend, T., and Solo-Gabriele, H. (2006). “Leaching of chromated
copper arsenate (CCA)-treated wood in a simulated monofill and its potential impacts
to landfill leachate,” Journal of Hazardous Material. 135 (1-3), 21-31
Jenkins, K. (2012). “Evaluating the mechanism of oxalate synthesis of Fibroporia
radiculosa isolates adapting to copper-tolerance,” MS Thesis, Mississippi State
University, 125 pp.
Kapahi, M., and Sachdeva, S. (2017). “Mycoremediation potential of Pleurotus species
for heavy metals: A review,” Bioresour. Bioprocess. 4(1): 32. DOI: 10.1186/s40643017-0162-8
Kartal, S. N. (2003). “Removal of copper, chromium, and arsenic from CCA-C treated
wood by EDTA extraction,” Waste Management 23, 537-546. DOI: 10.1016/S0956053X(02)00143-5
Kartal, S. N., Munir, E., Kakitani, T., and Imamura, Y. (2004a). “Bioremediation of CCA
treated wood by brown-rot fungi Fomitopsis palustris, Coniophora puteana, and

Akgul et al. (2018). “Cu-tolerant mycroremediation,” BioResources 13(3), 7155-7171.

7168

PEER-REVIEWED REVIEW ARTICLE

bioresources.com

Laetiporus sulphureus,” Journal of Wood Science. 50, 182-188. DOI:
10.1007/s10086-003-0544-8
Kartal, S. N., Kakitani, T., and Imamura, Y. (2004b). “Bioremediation of CCA-C treated
wood by Aspergillus niger fermentation,” Holz alz Roh Werkst. 62, 64-68.
Komárek, M., Čadková, E., Chrastný, V., Bordas, F., and Bollinger, J. (2010).
“Contamination of vineyard soils with fungicides: A review of environmental and
toxicological aspects,” Environment International 36, 138-151.
Kose, C., and Kartal, S. N. (2010). “Tolerance of brown-rot and dry-rot fungi to CCA-C
and ACQ-B wood preservatives,” Turkish Journal of Agriculture and Forestry 34,
181-190.
Kuan, I.-C., and Tien, M. (1993). “Stimulation of Mn peroxidase activity: A possible role
for oxalate in lignin biodegradation,” Proceedings of the National Academy of
Sciences 90, 1242-1246. DOI: 10.1073/pnas.90.4.1242
Kwan, C. K., Sanford, E., and Long, J. (2015). “Copper pollution increases the relative
importance of predation risk in an aquatic food web,” PLoS ONE 10(7), e0133329.
DOI: 10.1371/journal.pone.0133329
Lacerda, L. D., Santos, J. A., and Lopes, D. V. (2009). “Fate of copper in intensive
shrimp farms: bioaccumulation and deposition in pond sediments,” Brazilian Journal
of Biology 69, 851-858.
Lebow S. (2004). Alternatives to Chromate Copper Arsenate for Residential
Construction (Research Paper FPL-RP-618), U.S. Department of Agriculture, Forest
Service, Forest Products Laboratory, Madison, WI.
Lebow S, Winandy J, and Bender, D. (2004). “Treated wood in transition: a look at CCA
and the candidates to replace it,” Wood Design Focus Summer 3-8.
Lebow, S. (2010). “Wood preservation,” in: Wood Handbook: Wood as an Engineering
Material. General Technical Report FPL-GTR-190. Madison, WI: U.S. Department
of Agriculture, Forest Service, Forest Products Laboratory, pp. 15.1-15.28.
Lebow, S., Lebow, P., and Foster, D. (2008). “Estimating preservative release from
treated wood exposed to precipitation,” Wood Fiber Science 40, 562-571.
Levi, M. P. (1973). “Control methods,” in: Wood Deterioration and its Prevention by
Preservative Treatments Vol.1, D. D Nicholas (ed.), Syracuse University Press,
Syracuse, NY. pp. 183-216.
Martinez, D., Challacombe, J., Morgenstern, I., Hibbett, D., Schmoll, M., Kubicek, C. P.,
Ferreira, P., Ruiz-Duenas, F. J., Martinez, A. T., Kersten, P., et al. (2009). “Genome,
transcriptome, and secretome analysis of wood decay fungus Postia placenta supports
unique mechanisms of lignocellulose conversion,” Proceedings of the National
Academy of Sciences 106, 1954-1959. DOI: 10.1073/pnas.0809575106
Mercer, T. G., and Frostick, L. E. (2014). “Evaluating the potential for environmental
pollution from chromated copper arsenate (CCA)-treated wood waste: A new mass
balance approach,” Journal of Hazardous Materials 276, 10-18, ISSN 0304-3894.
DOI: 10.1016/j.jhazmat.2014.05.006.
Munir, E., Yoon, J. J., Tokimatsu, T., Hattori, T., and Shimada, M. (2001). “A
physiological role for oxalic acid biosynthesis in the wood-rotting basidiomycete
Fomitopsis palustris,” Proceedings of the National Academy of Sciences 98, 1112611130. DOI: 10.1073/pnas.191389598

Akgul et al. (2018). “Cu-tolerant mycroremediation,” BioResources 13(3), 7155-7171.

7169

PEER-REVIEWED REVIEW ARTICLE

bioresources.com

Murphy, R. J., and Levy, J. F. (1983). “Production of copper oxalate by some coppertolerant fungi,” Transactions of the British Mycological Society 81, 165-168. DOI:
10.1016/S0007-1536(83)80223-X
Ohno, K. M., Clausen, C. A., Green, F., and Diehl, S. V. (2015). “Insights into the
mechanism of copper-tolerance in Fibroporia radiculosa: The biosynthesis of
oxalate,” International Journal Biodeterioration & Biodegradation 105, 90-96. DOI:
10.1016/j.ibiod.2015.08.016
Remor, A. P., Totti, C. C., Moreira D, A., Dutra G. P., Heuser V. D., and Boeira J. M.
(2009). “Occupational exposure of farm workers to pesticides: Biochemical
parameters and evaluation of genotoxicity,” Environment International 35, 2. DOI:
https://doi.org/10.1016/j.envint.2008.06.011.
Rhodes, C. (2013) “Applications of bioremediation and phytoremediation,” Science
Progress, 96(4), 417-427.
Rhodes, C. (2014). “Mycoremediation (bioremediation with fungi) – growing mushrooms
to clean the earth,” Chemical Speciation & Bioavailability, 26:3, 196-198. DOI:
10.3184/095422914X14047407349335
Rojas, C. M. M., Velasquez, M. F. R., Tavolaro, A., Molinari, A., and Fallico, C. (2017).
“Use of vegetable fibers for PRB to remove heavy metals from contaminated
aquifers—Comparisons among cabuya fibers, broom fibers and ZVI,” International
Journal of Environmental Research and Public Health. DOI:
10.3390/ijerph14070684.
Schilling, J., and Jellison, J. (2005). “Oxalate regulation by two brown rot fungi
decaying oxalate-amended and non-amended wood,” Holzforschung 59, 681-688.
DOI: 10.1515/HF.2005.109
Schmidt, C., Whitten, B., and Nicholas, D. (1981). “A proposed role for oxalic acid in
non-enzymatic wood decay by brown-rot fungi,” American Wood Preservers’
Association 77, 157-164.
Schwarze, F. (2007). “Wood decay under the microscope,” Fungal Biology Reviews 21,
133-170. DOI: 10.1016/j.fbr.2007.09.001
Shupe, T., Lebow, S., and Ring, D. (2008). Causes and Control of Wood Decay,
Degradation and Stain, (Publication 2703), Louisiana State University Agriculture
Center, Baton Rouge, LA.
Sutter, H.-P., Jones, E. B. G., and Walchi, O. (1983). “The mechanism of copper
tolerance in Poria placenta (Fr.) Cke. and Poria vaillantii (pers.),” Material and
Organismen 18, 241-263.
Tang, J. D., Parker, L. A., Perkins, A. D., Sonstegard, T. S., Schroeder, S. G., Nicholas,
D. D., and Diehl, S. V. (2013). “Gene expression analysis of copper tolerance and
wood decay in the brown rot fungus Fibroporia radiculosa,” Applied Environmental
Microbiology 79(5), 1523-1533. DOI: 10.1128/AEM.02916-12
Vaseem, H., Singh, V. K., and Singh, M. P. (2017). “Heavy metal pollution due to coal
washery effluent and its decontamination using a macrofungus, Pleurotus ostreatus,”
Ecotoxicol Environ Saf. 145, 42-49. DOI: 10.1016/j.ecoenv.2017.07.001.
Weissman, Z., Berdicevsky, I., Cavari, B. Z., and Kornitzer, D. (2000). “The high copper
tolerance of Candida albicans is mediated by a P-type ATPase,” Proceeding of the
National Academy of Sciences of the United States of America 97, 3520-3525. DOI:
10.1073/pnas.97.7.3520
Akgul et al. (2018). “Cu-tolerant mycroremediation,” BioResources 13(3), 7155-7171.

7170

PEER-REVIEWED REVIEW ARTICLE

bioresources.com

Woodward, B. M., and De Groot, R. C. (1999). “Tolerance of Wolfiporia cocos isolates
to copper in agar media,” Forest Products Journal. 49, 87-94.
Xu, G., and Goodell, B. (2001). “Mechanisms of wood degradation by brown-rot fungi:
Chelator-mediated cellulose degradation and binding of iron by cellulose,” Journal of
Biotechnology 87, 43-57. DOI: 10.1016/S0168-1656(00)00430-2
Article submitted: November 2, 2017; Peer review completed: December 4, 2017;
Revised version received: July 9, 2018; Published: July 25, 2018.
DOI: 10.15376/biores.13.3.Akgul

Akgul et al. (2018). “Cu-tolerant mycroremediation,” BioResources 13(3), 7155-7171.

7171

