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ABSTRACT 

The focus of this research was to examine the potential 

for using white rot fungi to degrade pentachlorophenol (PCP) 

in water. Experiments were designed to determine the optimum 

growth conditions for 4 species of fungi, quantify toxicity 

of PCP to 18 species, and examine PCP degradation by both 

extracellular enzymes and whole cultures of 4 species. 

Optimum growth temperatures ranged from 25°C for G. oregonense 

to 40°C from P. chrysosporium with I. dryophilus and T. 

versicolor at approximately 30°C. Optimum growth pH were 4.5 

for Phanerochaete chrysosporium and 6.0 for the other 3 

species. Eighteen species tested for PCP sensitivity were 

inhibited by 10 mg-PCP/L when grown on agar plates. Within 2 

weeks, 17 of the 18 species grew in the inhibition zones. In 

liquid phase toxicity experiments, all 18 species were killed 

by 5 mg-PCP /L. Further liquid testing showed that P. 

chrysosporium and G. oregonense were among the most sensitive 

species while I. dryophilus and T. versicolor were more 

tolerant species, having lethal dosages of 17-34, 25-50, >41, 

and >85 ~g-PCP/mg-biomass, respectively. Extracellular 

enzymes produced in shallow batch cultures by P. chrysosporium 

and T. versicolor, degraded up to 50% and 75% of the PCP, 

respectively, when 40 mg-PCP/L was added to mycelia free 

culture broth. The pattern of chloride ion release resulting 
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from dehalogenation of PCP was bimodal for both species. PCP 

was degraded by 10 species when PCP was added to whole 

cultures. Further testing with 4 species showed P. 

chrysosporium and T. versicolor were the more efficient at 

reducing aqueous organic chlorine concentrations. Trametes 

versicolor consistently dehalogenated the most PCP with over 

60% of the chlorine being released as chloride ion in 8 days. 

Comparisons of PCP degradation between species growing as 

fixed films in rotating tube reactors (RTRs) verified this 

observation. Degradation in RTRs was superior to degradation 

in shallow batch reactors on the basis of PCP removal, organic 

chlorine reductions, and dehalogenation. 
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1.0 INTRODUCTION 

Over the past several decades, pentachlorophenol (PCP) 

has been widely used by industry for its biocidal properties. 

In the 1970's, it was estimated that approximately 280,000 

metric tons of PCP were produced worldwide (Smejtek et al., 

1987). Industrial applications have included wood preserving, 

agricultural herbicide for non-food vegetation control, 

fumigation, slime control for pulp and paper, leather tanning 

and finishing, mining industries, and metal finishing (USEPA, 

1983). In Oregon alone, it is estimated there are over 100 

wood preserving facilities that used PCP (Smejtek, 1987). 

Extensive use and historical application 

practices have led to the introduction of 

environment. 

and disposal 

PCP into the 

Introduction of PCP into the environment has raised 

concerns over toxic effects to humans. PCP is adsorbed 

through the skin and digestive and respiratory systems 

(Smejtek et al., 1987). PCP is corrosive to the skin causing 

burns and blisters and is highly irritating to the nose and 

throat. In mammals, acute exposure leads to elevated body 

temperature, increased respiratory rate, elevated blood 

pressure, hyperglycemia, and cardiovascular distress. Recent 

water quality criterion has put the desired level at 1.01 mg/L 

for protection of human health (USEPA, 1983). 
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Pentachlorophenol has been detected in soils and waters 

at concentrations well above the recommended levels. Due to 

concerns for human health protection, methods for reducing the 

concentrations of PCP from these environments continue to be 

investigated. Currently, physical/chemical treatment methods 

are used to remove PCP from contaminated groundwater. While 

the removal efficiencies of these treatments are high, they 

result in the production of an end product that has to ba 

handled as a hazardous material. Capital and operating costs 

associated with these alternatives are also high. 

In recent years, evidence has appeared that suggests 

various types of fungi may be capable of degrading aromatic 

pollutants. Most of the attention has focussed on fungi that 

are known lignin degraders. Particular interest has been paid 

to the basidiomycetes that cause wood decay of the white rot 

type. These fungi are known for their ability to completely 

mineralize lignin in their natural environments. The fungal 

mechanisms that are able to break the complex bonding of the 

highly aromatic structure of lignin are being examined for 

their ability to degrade various environmental pollutants. 

Using fungi to biodegrade PCP could be an economically 

attractive alternative to the more costly physical/chemical 

treatment processes. 

The objective of this research was to examine the 

potential of using white-rot fungi to treat pentachlorophenol 



(PCP) contaminated waters. 
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In order to accomplish this 

objective, four phases of research were developed including: 

Phase I. Fungal grmrth in aqueous culture. Before 

undertaking PCP degradation experiments, it was necessary 

to know how certain culture parameters would affect 

fungal growth. Experiments were designed to examine the 

effects temperature, pH, ionic strength, and carbon 

source had on growth of four species of white rot fungi. 

The results from these experiments are reported in 

Chapter 3. 

Phase II. PCP toxicity. Experiments were designed to 

quantify toxic effects of PCP on the growth of 18 species 

of white rot fungi. It is ironic that fungi are being 

considered for degrading a chemical which has been 

exploited for its fungicidal properties. The results 

from these experiments are presented in Chapter 4. 

Phase III. Extracellular enzyme activity. It is well 

established that white rot fungi growing in liquid 

culture secrete enzymes that attack the aromatic 

structures of lignin. These experiments examine PCP

degrading activity of crude extracellular enzymes 

produced by Phanerochaete chrysosporium and Trametes 



versicolor in liquid culture. 
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Both dehalogenation and 

non-dehalogenation modifications of PCP are examined. 

The results appear in Chapter 5. 

Phase IV. 

degradation 

PCP 

by 

degradation by whole cultures. PCP 

Phanerochaete chrysosporium, Inollotus 

dryophilus, Trametes versicolor, or Ganoderma oregonense 

was examined using two reactor configurations. Emphasis 

was placed on monitoring cultural parameters and 

quantification of dehalogenation and non-dehalogenation 

modifications to PCP during the degradation process. 

Results from these experiments are discussed in Chapters 

6 and 7. 

The methods, results, and a brief discussion of each phase of 

research are presented as chapters. A more thorough 

discussion, conclusions, and recommendations for future work 

is presented separately in the final chapter. 
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2.1 White rot fungi. 
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The term "white-rot fungus" is given to numerous non

taxonomically related fungi based on the particular type of 

\o70od decay they cause. White-rot decay results in complete 

breakdown of all wood cell wall components including the 

cellulose, hemicellulose, and lignin fractions, with the decay 

zone extending outward from the hyphae (Rayner, 1988). The 

term "white-rot" comes from the bleached appearance of the 

wood resulting from the decay process. Other types of wood 

decay include: brown-rot, which results in polysaccharide 

degradation and partial lignin decomposition extending from 

the hyphal region, leaving a brownish residue: soft-rot, which 

results in cellulose and hemicellulose degradation, lignin 

being slowly or partially attacked, and the decay zone in the 

immediate vicinity of the hyphae (Rayner, 1988). 

Rayner discusses two classes of white rot based on the 

comparative timing of lignin and polysaccharide degradation. 

"Simul taneous rot" occurs when the polysaccharides and the 

lignin are broken down together and "selective 

delignification" occurs when the lignin is removed more 

rapidly than the polysaccharide components (Rayner, 1988). 

White-rot fungi 

ascomycetes, and some 

include species 

fungi imperfecti 

of basidiomycetes, 

(Gilbertson 1990). 

These fungi are found world wide growing on both living and 
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dead plants. Most research to date has focused on lignin 

degradation by the basidiomycetes, with Phanerochaete 

chrysosporium the most commonly studied species. 

2.2 Nutrition 

In nature, white rot fungi are either saprobes (decay 

dead organic matter) or facultative parasites (attacking 

either living or dead organic material). Elements required 

for growth include C, 0, H, N, P, K, Ca, Mg, S, B, Mn, Cu, Mo, 

Fe, and Zn (Alexopoulos, 1979). Some fungi lack the ability 

to produce certain vi tamins and must be supplied with a 

preformed source (Alexopoulos, 1979). 

Fungi absorb their nutrients from their surrounding 

environment and require their substrate in a low-molecular

weight and solubilized form. The primary carbon source for 

white rot fungi is cellulose. In order to utilize cellulose 

as a substrate, white rot fungi secrete extracellular enzymes 

which break down cellulose outside the cell, forming smaller 

organic molecules which are then adsorbed through the cell 

wall. In woody material, the cellulose is protected by lignin 

which must be broken down to allow fungi access to their 

energy-providing carbon source. In addition to secreting 

cellulase enzymes, white-rot fungi also secrete numerous 

nonspecific ligninases which attack lignin and free up the 

cellulose. 
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2.3 Fungal gro~~h. 

Fungi typically show two distinct types of growth 

morphology. Yeasts often grow as single-cell organisms, 

reproducing by either budding or binary fission. Filamentous 

fungi grow by a process of hyphal tip extension and reproduce 

by producing either sexual or asexual spores. All of the 

species examined in the research reported within are 

filamentous fungi. 

Growth at the tip of a hypha is a dynamic balance between 

wall lysis, wall synthesis, and turgor pressure (Garraway, 

1984). Electron-microscopic techniques have shown hyphal tips 

are devoid of most organelles with the exception of large 

numbers of cytoplasmic vesicles (Alexopoulos, 1979). These 

vesicles are thought to contain the cell wall precursors and 

the enzymes used during wall formation. 

Alexopoulos describes a "vesicular hypothesis of tip 

growth" observed by several researchers and illustrated in 

Figure 2.1. During vesicular tip growth, endoplasmic 

reticulum membrane material is transferred to the dictyosome 

cisternae by blebbing (formation of small bubble like 

vesicles). Cisternal maturation of ER-like membranes results 

in the transformation to plasma-like membranes. Following 

maturation, the vesicles are released, then transported to the 

hyphal tip where they fuse with the plasma membrane and 

release their contents into the wall region. The apical 



30 

vesicles are believed to contain wall material as well as 

enzymes involved in softening of existing wall and wall 

synthesis (Alexopoulos, 1979). 

Two common methods for measuring growth of fungi are dry 

weight determination (liquid cultures) and measurement of 

mycelial extension rates (surface cultures). Measuring hyphal 

extension rates on surfaces shows growth to be linear while 

moni toring dry weights in liquid culture shows growth is 

exponential (Griffin, 1981). Griffin states that branching 

increases the number of growing tips and measurement of hyphal 

extension does not take this into account. 

Filamentous fungi growing in batch liquid culture 

typically show five phases of growth (Figure 2.2). These 

phases include the lag, exponential, linear, declining growth 

rate, stationary, and death phases (Garraway, 1984). Cultural 

conditions such as nutrient availability, pH, oxygen 

availability, and accumulation of deleterious metabolic by

products affect the duration of each phase as well as the 

specific growth rate of the fungus. 

Environmental parameters such as temperature, pH, water 

activity (aw), and nutrient availability affect the growth of 

white rot fungi and could limit their use in water treatment 

applications. In order to utilize white rot fungi for 

treating contaminated water, it may be necessary to grow the 

fungi under unfavorable conditions. Although fungi grow only 
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Figure 2.1. Diagrammatic interpretation of the sequence 
leading to the expansion of a hypha at its apex. Material is 
transferred from the endoplasmic reticulum (ER) to the 
dictysome (D) by b1ebbing of the ER and the coalescing of 
vesicles (V1) to form a cisterna at the proximal face (PF) of 
the dictysome. Cisternal contents and membranes are then 
transformed as the cisterna is moved to the distal face (DF) 
of the dictysome. Secretory vesicles (V2) are released from 
the cisterna, enlarge and/or fuse with one another, migrate to 
the hyphal apex (HA) and fuse with the cell membrane (CM) 
liberating their contents to the cell wall. (adapted from 
Alexopoulos and Mims, 1979) 



32 

50 
Q) (f) 
(f) cD 
cD ..c ..c 0.. 
0.. 

Q) 
L-

cD cD 
cD Q) 
~ f-1 C 

40 C 
Q) ~ 
C 
0 
0.. 
X 

Q) w 
E 

... 30 
U 
(}) 

U 
:J 
U 
0 
L-
0.. 

(J) 
20 (J) 

cD 
E 
0 

Q) 
Q) (J) 

m (J) cD 
ro ..c 

10 

..c 0.. 
(}) 0.. 

A (J) 

Q) L- cD 
C ro ..c 

c 0.. 
C 0 ..c 

f-1 -j-J 

U cD cD 
Q) 4...) (}) 

0 (f) 0 

o 
o 5 10 15 20 

Time., days 

Figure 2.2. Typical growth curve for fungi growing in liquid 
batch culture. 
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when free is water available, the chemical properties of water 

in either aqueous or soil environments can significantly 

differ from that of plant tissue, the fungi's natural habitat. 

All fungi have a range of temperatures they can tolerate 

and an optimal growth temperature at which growth and 

reproduction rates are highest (Atlas and Bartha, 1981). 

Temperature affects the reaction rates of many chemical 

reactions that influence metabolic processes and growth of 

microorganisms. Typically, a 10ce increase in temperature 

will result in a doubling of the rate of activity of an 

enzyme. At temperatures above the optimal growth temperature, 

enzymes become denatured and lose their activity potential. 

Both the optimal growth temperature and the range of 

temperatures that a fungus can tolerate will determine if that 

fungus will survive and how it will function in a given 

environment (Atlas and Bartha, 1981). 

The pH affects the growth of fungi in several ways (Atlas 

and Bartha, 1981). Extremes in pH can: 

1. cause cell components to become hydrolyzed. 

2. denature enzymes by affecting the dissociation/ 

charge of functional groups on protein molecules. 

3. influence the speciation of molecules which 

indirectly affect growth. 

The ionic strength of the solution can also affect fungal 

growth rates. Increasing ionic strength lowers the water 
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Water activity (aw) is a measure of the 

availability of water to an organism and is defined as the 

ratio of the partial pressure of the solution to the partial 

pressure of the pure solvent. Fungi have an optimum ~ at 

which the turgor pressure on the growing tip of the hyphae is 

optimum for growth. When water activities are above the 

optimum, incorporation of new cell wall material is slowed due 

to an increase in the rate of rupturing. Increasing ionic 

strength can lower the water activity below the optimum and 

results in plasmolysis and inactivation of enzymes. 

2.4 Lignin degradation. 

Lignin is a heterogeneous polymer synthesized by plants 

via a radical mechanism catalyzed by peroxidase enzymes (Evans 

1987) . The lignin molecule consists of three different 

phenylpropanoid subunits (Figure 2.3). Following a one 

electron oxidation, these precursor alcohols polymerize and 

form lignin structures as shown in Figure 2.4. There are over 

10 types of bonds between the phenylpropanoid monomers in the 

lignin molecule of which 4 predominate (Kirk and Farrell, 

1987). The predominant bond (>50%) is the £-0-4 bond between 

the C4 carbon of the aromatic ring and the £ carbon of the 

side chain (Figure 2.4). Other bond types include a-0-4, C3 

or C5 aryl-0-4 and some biphenyl linkages (Evans, 1987). In 

plants, lignin forms a matrix with the hemicellulose and 
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Typical lignin molecule showing the major bond 
13-0-4, B. a-0-4, c. C3 aryl-0-4, D. biphenyl 
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surrounds the cellulose fibers providing protection from 

microbial attack and giving physical strength to the plant 

(Weier et al., 1974). Between 20 and 30% of the cell walls in 

wood is lignin (Weier et al., 1974). 

Since lignin is the second most abundant polymer behind 

cellulose and because it protects cellulose from microbial 

attack, its degradation is crucial to the carbon cycle (Kirk 

and Farrell, 1987). Although lignin is resistant to 

biological attack by most organisms, species of bacteria and 

fungi have been identified which are able to degrade lignin. 

Degradation of lignin has been demonstrated by a limited 

number of bacteria, including streptomyces and Pseudomonas 

species, but degradation is often slow and incomplete. 

Actinomycetes are among the most studied bacteria for lignin 

degradation (Kirk et Farrell, 1987). streptomyces species can 

remove up to 44% of the lignin in several soft wood sources, 

but less than 20% of the carbon is released as CO2 (Kirk and 

Farrell, 1987). Several species of Pseudomonas have been 

reported to degrade lignin model compounds containing B-O-4 

linkages (Crawford et el., 1975; Katayama et al., 1979; 

Samejima et al., 1985). Jokela et al., (1987) reported 

degradation of two lignin model compounds with molecular 

weights of 638 and 666 by a mixed bacterial culture. Although 

partial degradation of these model compounds has been shown, 



evidence is lacking demonstrating complete 

degradation of naturally occurring lignin. 
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bacterial 

Fungi are recognized as the most important degraders of 

lignin. Fungi have long caused problems with decay of wood 

and wood products in environments conducive to fungal growth. 

The three main types of fungal decay of wood are white rot, 

brown rot, and soft rot. White rot decay of wood results in 

the complete breakdown of all the wood components including 

lignin. Brown and soft rots result in limited or incomplete 

lignin degradation and hence are excluded from further 

discussion. 

Whi te rot fungi produce extracellular enzymes termed 

ligninases that attack lignin outside the fungal cells (Daniel 

et al., 1989). These enzymes are able to break the complex 

bonds of large lignin molecules, resulting in smaller 

molecules that are solubilized, absorbed, then further broken 

down by the fungus. 

Whi te-rot fungi have been shown to produce a wide variety 

of enzymes which catalyze numerous reactions during wood 

degradation. The most commonly studied of these enzymes are 

the ligninases. Since original reports of ligninase 

identification in 1983, extensive effort has been made 

separating, identifying, and characterizing enzymes from 

ligninolytic fungi (Tien and Kirk, 1983). Oxidation of 
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veratryl alcohol to veratraldehyde has been used to quantify 

the specific activities of ligninases. 

Leisola et al. (1987) used isoelectric focussing to 

separate 21 extracellular hemoproteins with peroxidase 

activity from carbon- and nitrogen-limited culture fluid of 

Phanerochaete chrysosporium. They classified the hemoproteins 

as either lignin peroxidases or manganese-dependent 

peroxidases depending on their requirement for Mn( II) in order 

to oxidize phenol red. 

Leisola et al. found the production of an individual 

hemoprotein and the specific activity of that enzyme was 

dependent on the limiting nutrient. Seven hemoproteins 

separated from carbon-limited cultures oxidized veratryl 

alcohol and phenol red in the absence of Mn(II) and showed no 

enhanced phenol red oxidation when Mn(II) was added. Six of 

the 10 major hemoproteins separated from nitrogen-limited 

cultures oxidized both substrates in the absence of Mn(II) 

while oxidation by the other 4 required Mn(II) addition. 

Farrell et al. used anion exchange HPLC to separate 10 

hemoproteins (designated HI to HI0) from nitrogen-limited 

culture fluid from Phanerochaete chrysosporium (Farrell et 

al., 1989). Six of these (HI, H2, H6, H7, H8, AND HIO) were 

classified as lignin peroxidases (LiP) and the other 4 as 

manganese-dependent peroxidases (MnP). 

concluded that 5 of 6 lignin peroxidase 

Farrell et al. 

isoenzymes they 
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separated were similar to isoenzymes separated by Leisola. 

They also determined that all 6 lignin peroxidase isoenzymes 

were glycosylated. 

Ligninases, like other peroxidases, require H20 2 in order 

to catalyze oxidation reactions. Ligninases react with H20 2 

to form an oxidized form of the enzyme termed Compound I 

(Andrawis et al., 1988). Compound I is two oxidizing 

equivalents over the native enzyme with one equivalent located 

in the iron and the other on the porphyrin ring (Renganathan 

and Gold, 1986). Lignin peroxidase compound I catalyzes 

either a one or two electron oxidation of a reducing 

substrate. A two-electron oxidation results in the 

regeneration of the native enzyme. A single electron 

oxidation results in the formation of a substrate radical and 

a one-oxidizing equivalent of the enzyme called Compound II 

(Andrawis et al., 1988). Compound II catalyzes another 1-

electron oxidation of a reducing substrate, resulting in a 

substrate radical and the native enzyme. 

Manganese-dependent peroxidases (MnPs) do not directly 

oxidize lignin. MnPs oxidize Mn(II) to Mn(III), a highly 

reactive intermediate, which then reacts with lignin (Bonnarme 

and Jeffries, 1990). Bonnarme and Jeffries found the time and 

magnitude of MnP production to be dependent on Mn(II) 

concentration. Increasing Mn( II) concentrations up to 40 mg/L 

resulted in a steady increase in MnP activity, while almost no 
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MnP activity was noticed in the absence of Mn(II). The 

opposite trend was observed for LiP with activity completely 

repressed at 8.0 mg/L Mn(II). 

The production of individual ligninase isoenzymes and 

their quantity in batch culture is time dependent. Metabolic 

activity causes changes in the culture media which in turn 

effects the protein profile. Different techniques have 

resul ted in the separation of numerous enzymes from batch 

cultures at different ages. Leisola et ale (1987) found MnP 

activity appeared after 65 hours in nitrogen-limited cultures 

of P. chrysosporium and peaked around 75 hours. LiP activity 

appeared 4 hours after the appearance of MnP activity and had 

not peaked after 100 hours (Leisola et al., 

exchange HPLC profiles (Figure 2.5) for 

extracellular broth illustrate the changes 

1987). Anion 

concentrated 

in relative 

concentrations of ligninase isoenzymes (Farrell et al., 1987). 

Whi te-rot fungi are known to produce the H20 2 required for 

the activation of lignin peroxidases. 

enzymes have been identified in nitrogen-deficient cultures of 

Phanerochaete chrysosporium. Kelley and Reddy (1986) purified 

a single protein that supported glucose-dependent H20 2 

production. D-Glucose was "the primary substrate for this 

enzyme. L-sorbose, D-xylose, and D-maltose were minor 

substrates. Nishida and Erikson (1987) isolated a methanol

oxidizing enzyme that produced H20 2 • Methanol was the primary 
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Figure 2.5. Anion exchange HPLC profile of ligninase 
isoenzymes from concentrated extracellular broth of P. 
chrysosporium at different ages (Farrell et al., 1989). 
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substrate of this enzyme and other alcohols such as ethanol, 

n-propanol and n-butanol also showed activity. The third type 

of H20 2-producing enzyme was described by Kersten and Kirk 

(1987) and was termed a glyoxal oxidase. This enzyme uses 

methylglyoxal and glyoxal as a primary substrates and simple 

aldehydes serve as alternative substrates. 

Cytochemical staining with 3,3'-diaminobenzidine DAB was 

used to prove H20 2 production was associated with subcellular 

structures located in the periplasmic space of cells from 

ligninolytic cultures (Forney et al., 1982). Production of 

H20 2 outside the cytoplasmic membrane allows the fungus to 

avoid cytotoxic effects as well as retain the enzymes 

responsible for H20 2 production. In the studies on 

H20 2 production discussed above, H20 2 production coincided with 

the appearance of ligninolytic activity. 

veratryl alcohol (3, 4-dimethoxybenzyl alcohol) is 

produced by several species of white-rot fungi in conjunction 

with ligninolytic activity. Veratryl alcohol is a substrate 

of lignin peroxidase, and is oxidized to veratraldehyde (Tonon 

and Odier, 1988). Although the role of veratryl alcohol in 

lignin degradation is unclear, several have been proposed. 

Faison et ale (1986) found veratryl alcohol stimulated 

ligninolytic activity in nitrogen-deficient cultures of P. 

chrysosporium. Harvey et ale (1986) suggested that veratryl 

serves as a mediator in lignin degradation by the formation of 
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a veratryl alcohol cation radical via lignin peroxidase. 

Tonon and Odier (1988) found veratryl alcohol protected the 

major ligninase isoenzyme from inactivation by H20 2 • 

While fungal degradation of lignin has been known for 

some time, the specific metabolic mechanisms and the pathways 

of compound mineralization have only recently been given close 

attention. For these studies, the majority of work has 

focused on a limited number of fungal species. Two of the 

most commonly studied fungi are Phanerochaete chrysosporium 

(Sporotrichum pulverulentum) and Trametes versicolor (Coriolis 

versicolor) . Research has focused on understanding the 

enzymatic system involved as well as optimization of cultural 

parameters for enhanced lignir. degradation. Research studying 

the effects of primary substrate, nutrient concentrations, 

oxygen pressures, and culture agitation on lignin degradation, 

has been done. 

Although white-rot fungi can break down lignin, they do 

not derive enough energy for growth from lignin alone and must 

have an additional substrate. Experiments using milled wood 

lignin as the growth substrate resulted in less than 0.1 

percent mineralization (Kirk et al., 1976). Researchers have 

investigated the use of several carbohydrates as primary 

substrate and their effects on lignin degradation (Kirk et 

al., 1976). Carbohydrates yielding the greatest percentage of 

lignin degradation included Solka Folc (cellulose) and 
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cellulose powder. Glucose was later found to be comparable to 

cellulose in supporting lignin degradation (Kirk et al., 

1978). Other simple sugars were shown to be less effective as 

primary substrates for stimulating lignin degradation (Kirk et 

al., 1976). Livernoche et ale (1983) found xylose, glucose, 

sucrose, glycerol, and ethanol served as growth substrates and 

promoted decolorization of kraft mill wastewater, a direct 

result of lignin degradation, by immobilized mycelium of T. 

versicolor. 

Lignin degradation by white rot fungi occurs during 

idiophasic growth only. Fungal cultures must be nutrient 

limited before ligninolytic activity occurs. Carbon, 

nitrogen, sulfur, and phosphorous limitations were originally 

shown to stimulate lignin degradation. Subsequent research 

has shown limiting phosphorous does not stimulate ligninolytic 

activity (Jeffries et al., 1981). The onset of ligninolytic 

activity was delayed by phosphorous limitation and the level 

of activity reduced by 50%. Lowering sulfur concentrations to 

37 ~mol stimulated ligninolytic activity when both 

carbohydrate and nitrogen are supplied in excess. Reducing 

sulfur concentrations further to 17 ~mol restricted activity. 

Limiting carbohydrate concentration stimulates 

ligninolytic activity. Jeffries observed that the onset of 

ligninolytic activity was earlier when carbohydrate was 

limited than when nitrogen was limited. Both type and amount 
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of carbohydrate have significant effects on ligninolytic 

activity. Higher initial concentrations of carbohydrate delay 

the onset but increase the duration and expression of 

ligninolytic activity (Jeffries et al., 1981). Additions of 

carbohydrate to cultures exhibiting ligninolytic acti vi ty 

results in cessation of activity. Ligninolytic activity in 

carbon-starved cultures is only transient (Kirk and Farrell, 

1987). Upon carbon limitation, there is a rapid reduction in 

mycelial dry weights as the fungi tend to autolyse (Jeffries 

et al., 1981). Phanerochaete chrysosporium produces proteases 

that lower the lignin degrading activity by degrading the 

ligninolytic enzymes (Dosoretz et al., 1990). 

Limi ting cultures in ni trcgen can cause substantial 

increases in lignin degradation. Kirk et al. (1978) found 

Phanerochaete chrysosporium degraded 27 ± 4% and 7 ± 2% [ring-

14C]-lignin to CO2 with initial nitrogen concentrations of 2.4 

and 24 roM respectively. Adding supplemental nitrogen sources 

to cultures disrupted ligninolytic activity. 

Previous research has shown the lignin-degrading capacity 

of P. chrysosporium was severely inhibited when cultures were 

grown in agitated cultures (Kirk et al., 1978; Jager et al., 

1985). Cultures agitated from the time of inoculation formed 

pellets and demonstrated minimal ligninase activity. However, 

adding detergents such as Tween 20, Tween 80, and CHAPS, to 

agi tated cultures resulted in lignin degradation equal to that 
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in stationary cultures (Jager et al., 1985). Venkatadri and 

Irvine (1990) suggested that decreased ligninase activity in 

agitated cultures was due to denaturation of enzymes by the 

mechanical shaking. In their experiments, agitating cell-free 

cuI ture media from ligninolytic P. chrysosporium cultures, 

agitation caused complete loss of enzyme activity. Although 

the mechanism is not understood, additions of Tween 80 

preserved enzyme activity for over 7 days. They also found 

little physiological effect of agitation on the fungus. 

Oxygen partial pressure has a significant influence on 

lignin degradation. Kirk et al. (1978) showed lignin 

decomposition occurred at atmospheric oxygen concentrations ~ 

21% but not at concentrations ~ 5%. Increasing oxygen from 

20% to 80% resulted in a 5-fold increase in lignin degradation 

( Bar-Lev and Kirk, 1981). It has been postulated that higher 

O2 concentrations induce the ligninolytic system and increase 

the activity of the enzymes after they are produced (Bar-Lev 

and Kirk, 1981). Reid and Seifert examined 10 species of 

white rot fungi including 4 strains of P. chrysosporium for 

the effect atmospheric oxygen had on their ability to degrade 

lignin. They found 7 of the species degraded lignin more 

rapidly, and the other 3 species at least as fast, under a 

pure O2 atmosphere than under air (Reid and Seifert, 1981). 

The effect pH has on lignin degradation has been examined 

for P. chrysosporium (Kirk et al., 1978). Lignin 
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decompos i tion occurred between pH 3. 5 and 5. 5 with an optimum 

around 4.5. Data on pH values for other species are not 

available. 

Leszkiewicz and Kinner (1988) found the amount of lignin 

degraded by P. chrysosporium was more affected by changes in 

temperature than in oxygen concentration. Their data showed 

63.8% more lignin degradation occurred when the temperature 

was increased from 15°e to 35°e compared to 21.6% more 

degradation between 7% and 21% 02. Asther et al. (1988) used 

temperature shifting to control the production of lignin 

peroxidase by P. chrysosporium. They found maximum ligninase 

activity was obtained after 4 days when the fungus was 

initially grown at 37°e for 48 hours then shifted to 30 0 e 

(Asther et al., 1988). This temperature shift resulted in a 

1.3 fold increase in lignin peroxidase synthesis over when the 

temperature was held at 37°e for the entire incubation period. 

2.5 Environmental pollutant degradation. 

Since the middle of the 1980s, research has focused on 

the use of white rot fungi to degrade chlorinated and non

chlorinated recalcitrant aromatic compounds. The ligninolytic 

enzyme systems of these fungi are non-specific, and can 

degrade a wide range of compounds. Some of the chemicals that 

were reported to be degraded by white rot fungi are listed in 

Table 2.1. In the environment, these compounds resist 



49 

Table 2.1. 
fungi. 

Chemicals reported degraded by white rot 

Naphthalene p-cresol 

2-Methylnaphthalene Benzoic Acid 

Phenanthrene 2,3,7,8 TCDD 

Benzo(a)pyrene Chlordane 

PCB's (Aroclors 1254 Lindane 

& 1242) Atrazine 

Pentachlorophenol DDT 

Crystal Violet Anthracene 
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microbial attack and persist for extended periods. Human 

toxicity associated with low levels of these compounds, has 

led to an increased awareness of the need to remove them to 

avoid potential adverse health effects. 

Eaton examined five species of white rot fungi, several 

species of other fungi, and a PCP-degrading bacterial culture 

for the ability to degrade polychlorinated biphenyls (PCBS). 

Using Aroclor 1254·, Eaton found that the white rot fungi 

released more radio-labeled carbon as 14C02 than either the 

other fungi or a community of PCB degrading bacteria. P. 

chrysosporium mineralized the most PCB (7.1%) with 

chromatographic verification of reductions in concentrations 

of six compounds associated with the PCB mixture (Eaton, 

1985). Mineralization was first order with respect to PCB 

concentration. Mineralization of PCB was linked to the 

ligninolytic system in P. chrysosporium due to the correlation 

between the onset of ligninolytic activity and PCB 

mineralization and the inhibitory effect nitrogen additions 

had on mineralization activity (Eaton, 1985). 

Bumpus and Aust (1987) examined the degradation of 

[1,1,1,-trichloro-2,2-bis(4-chlorophenyl)ethane] (DDT) by four 

species of white rot fungi (Bumpus and Aust, 1987). P. 

chrysosporium mineralized 10 to 13% of [14C]DDT while Pleurotus 

ostreatus, Phellinus weirii, and Polyporous versicolor 

mineralized 5.9, 5.7, and 5.3% respectively. DDT 
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mineralization was first order with respect to concentration. 

DDT mineralization was determined to be associated with the 

ligninolytic system since nitrogen-sufficient cultures 

mineralized significantly less DDT than the nitrogen-deficient 

cultures. 

Bumpus (1985) has also reported degradation of 

2,4,5,2' ,4' ,5'-HCB, 3,4,3',4'-TCB, 2,3,7,8,TCCD, lindane, and 

benzo[a]pyrene by nitrogen-deficient cultures of P. 

chrysosporium. Initial concentrations of 1.25 nmol resulted 

in mineralization of 13.8 (1.1%), 27.9 (2.2%), 48.0 (3.8%), 

116.8 (9.3%), and 190.8 (15.3%) pmol of 3,4,3',4'-TCB, 

2,3,7,8-TCDD, DDT, benzo[a]pyrene, and lindane respectively, 

over 30 days. Haemrnerli et al. (1986) demonstrated the 

oxidation of benzo[a]pyrene by both crude and purified 

ligninases from cultures grown under ni trogen- or carbon

limitation. H20 2 was found to be essential for oxidation to 

occur and the addition of veratryl alcohol increased oxidation 

rates 15 times and extended the life of the enzymes. The 

crude enzymes produced by nitrogen- deficient cultures were 

more stable than those from carbon-limited cultures. 

One of the more intriguing findings in pollutant 

degradation by white rot fungi has been the reported ability 

of P. chrysosporium to degrade dibenzo[p]dioxins, a chemical 

thought to be one of the most toxic compounds found. As 

previously stated, Bumpus reported 27.9 pmol of 2,3,7,8,-TCDD 
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from an initial concentration of 1.25 nmol was converted to 

CO2 over a 30 day test period (Bumpus, 1985). Hammel et al. 

(1986) used spectral changes to verify the formation of cation 

radicals of dibenzo[p]dioxin and 2-chlorodibenzo[p]dioxin when 

incubated with ligninase from P. chrysosporium and H20 2 • Low 

solubilities of 2,3 and 2,7-dichlorodibenzo[p]dioxins rendered 

it impossible to detect any spectral changes. The initial 

product from the oxidation of dibenzo[p]dioxins is believed to 

be dibenzo[p]dioxin-2,3-diones, however, in situ cleavage made 

verification difficult. Extrapolation from results showing 

incorporation of 180 from H2
180 into quinone formation in the 

oxidation of PARs, implicate this mechanism in oxidation of 

dibenzo[p]dioxins. 

Degradation of several alkyl halide insecticides have 

been examined in both aqueous and soil-phase cultures of P. 

chrysosporium (Kennedy et al., 1990). Using 14C labeled 

radiochemicals and moni toring the release of 14C021 

mineralization of 23.4% and 9.4% in liquid and 22.8% and 14.9% 

in soil was observed, for lindane and chlordane respectively. 

Mirex, aldrin, dieldrin, and heptachlor were only slightly 

mineralized, with less than 4% mineralization in either 

medium. All 6 chemicals were modified to some extent by the 

fungus. It appeared that the hexachlorcyclopentadiene rings 

of aldrin and dieldrin and the more complex perchlorometheno

cyclobutapentalene structure of mire x were not degraded. The 
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molecular structure of chlordane is similar to aldrin, 

dieldrin, and heptachlor and the ability of P. chrysosporium 

to degrade chlordane more rapidly than these other pesticides 

is not understood. Lindane is a uniformly chlorinated chair 

structure which was most easily attacked. Uniform ring 

labeling and 14C02 production indicate that ring cleavage and 

subsequent degradation occurred. 

Ryan and Bumpus (1989) reported on the degradation of the 

herbicide 2,4,5-trichlorophenoxyacetic acid (2,4,5-T) by P. 

chrysosporium in both aqueous and soil phase cultures. Sixty

two percent of the 14C was released as 14C02 in ni trogen

deficient cultures while only 13% was released when cultures 

were nitrogen-sufficient, indicating that the ligninolytic 

system of this fungus was partially responsible for the 

degradation of 2,4,5-T in liquid culture. Addition of [ 14C]_ 

2,4,5-T to 6-day-old cultures resulted in release of 14C02 

after 1 hour, indicating that the fungus does not have to 

acclimate to 2,4,5-T before degradation can occur. Cultures 

of P. chrysosporium released approximately 28% of the 14C as 

14C02 from a sterile soil/corn cob mixture. Indigenous 

organisms released 18% of the l4C as 14C02 and the combination 

of fungus and indigenous organisms approximately 33%. Studies 

examining indigenous organisms in soil without corn cob 

addition released only 6% of the labeled carbon. 
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Several persistent industrial dyes have been degraded by 

P. chrysosporium. Bumpus and Brock (1988) reported 100% 

decolorization of the triphenylmethane dyes crystal violet and 

cresol red in 24 hours. Other triphenylmethane dyes were 100% 

decolorized after 48 hours. Cripps et ale (1990) examined the 

degradation of 3 azo and 1 heterocyclic dyes. Azure B was 

decolorized 100% in 24 hours and 63% in 5 days by nitrogen

deficient and nitrogen-sufficient cultures respectively. Azo 

dyes were decolorized by at least 96% and 87% in 5 days by 

nitrogen-deficient and -sufficient cultures respectively. 

Three of the four dyes were partially decolorized by crude 

lignin peroxidase as well as purified HI, H2, H8, and HI0 

isoenzymes. Only Congo Red was unaffected by the ligninases. 

Cripps cited the differences in metabolite formation between 

purified ligninase and whole cultures of fungi as evidence 

that enzymatic systems other than the ligninolytic system is 

involved in complete breakdown of these dyes during idiophasic 

metabolism. 

Polycyclic aromatic hydrocarbons (PAHs) are widespread in 

the environment. Microorganisms have been identified that can 

use PAHs containing 3 rings or less as their sole carbonI 

energy source (Cerniglia, 1981). As recently as 1986, P. 

chrysosporium was found to degrade PAHs to CO2 • Hammel et ale 

(1986) found oxidation of PAHs by ligninase isoenzyme H8, was 

dependent on the ionization potential of the PAH. The 
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ionization potential is a measure of the energy required to 

remove an electron from a molecule. Isoenzyme H8 was able to 

oxidize PAHs with potentials ~7.55 eV including pyrene and 

anthracene but not phenanthrene. In contrast, Bumpus found 

nitrogen-limited cultures of P. chrysosporium reduced 

phenanthrene concentrations in anthracene oil by 95% in 27 

days (Bumpus, 1989). Twenty-two PAHs were shown to undergo 

ext·:msive degradation in 27 days when 50 mg/L of anthracene 

oil was added to 3 day old cultures. 

One of the potential industrial applications for using 

white-rot fungi or their enzymes is in treatment of wastewater 

in the pulp and paper industry. Two issues of concern facing 

this industry include the release of large quantities of 

chloro-organic compounds (TOCI) and highly colored wastewater. 

Chloro-organic compounds found in kraft process wastewaters 

include lower molecular weight chlorophenols, chloro

catechols, chloro-quiachols, and chlorinated resin acids. The 

bulk of the chlorinated material is large molecular weight 

chloro-lignins. Solubilized lignin is the major constituent 

contributing to the deep brown color of effluent from both 

kraft and sulfide processes. 

Aerated lagoons are the most common treatment process 

used to treat pulp and paper wastewater prior to discharge to 

receiving waters. Bacteria are the primary degraders in 

lagoon systems and remove over 90% of the BOD5 (Bryant et al., 
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1987). Research examining molecular weight profiles of both 

chlorinated and non-chlorinated organic compounds in an 

aerated lagoon, showed that compounds with molecular weights 

greater than 1000 resisted treatment (Alleman, 1987). Alleman 

found removals of total organic chlorine (TOCl) between 33 and 

38% in a lagoon with a 6-day hydraulic residence time. It has 

been estimated that TOel yields of 4 kg/ton of pulp are 

realized from kraft bleaching. Discharge regulations in 

Europe and Canada are 1.5 kg TOCI/ton of pulp. It is evident 

from the low TOCl reductions in existing lagoons that 

modifications to existing systems or alternative treatments 

will be necessary to meet the discharge limit. A TOC1 yield 

of 4 kg/ton of pulp would require a minimum of 63% reduction 

to meet a 1.5 kg/ton limit. The majority of TOCl removal 

occurs in the front section of the aerated lagoon, indicating 

that increasing hydraulic residence is not a modification 

option for meeting discharge limits. 

Several species of white-rot fungi are known to 

decolorize kraft mill wastewaters (Livernoche et al., 1983). 

T. (Coriolis) versicolor, P. chrysosporium, Pleurotus 

ostreatus, Polyporus versicolor (2 strains) , and an 

unidentified strain (No. 54) caused decolorization of combined 

bleached kraft mill effluent mixed with agar. In liquid 

culture, with sucrose as a carbon/energy source, P. versicolor 

was the only species not able to decolorize the effluent from 
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a dark brown to a yellowish color. T. versicolor decolorized 

the effluent most rapidly achieving 40% and 60% in 2 and 6 

days respectively. P. chrysosporium decolorized the effluent 

60% in 4 days. Increasing sucrose concentration or inoculum 

size resulted in increased levels of decolorization. 

Livernoche et ale saw 80% decolorization after 3 days when 

using pre-grown mycelium of T. versicolor immobilized in 

alginate beads. 

Research focusing on the dechlorination of chloro

organics in pulp bleaching wastewaters found that the white

rot fungus P. chrysosporium was able to dechlorinate the high 

molecular weight chloro-lignins as well as the low molecular 

weight chlorinated phenols (Huynh et al., 1985; Pellinen et 

al., 1988). Most of this research has been done with P. 

chrysosporium in a rotating biological contactor (RBC). Huynh 

et ale (1985) used chloroform extraction and GC/MS analysis to 

demonstrate degradation of chlorinated phenols in wastewater 

from the E1 stage of a kraft bleach mill. They found 

chlorinated phenols and other components were degraded. 

Chlorinated phenols were reduced and methylated before they 

were oxidatively degraded. Two oxidized intermediates, both 

lactones, were formed via ring cleavage followed by 

lactonization and reduction. 

Pellinen et ale (1988) used Schoniger combustion to 

measure TOCL and quantify dehalogenation, and size exclusion 
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chromatography/UV detection to measure changes in molecular 

weight fractions of lignins during treatment with fungi. They 

found that 49% of the TOCI was released as inorganic chloride 

in 1 day and 62% in 2 days. Although it was speculated that 

lignin peroxidase initiated the auto-oxidation and removal of 

chlorines, the dehalogenation mechanism was not apparent. 

Color was reduced by 65% and COD by 33% in the first day. The 

molecular weight of the lignin increased after day 1 before 

being degraded. This was attributed to the polymerization of 

the phenolic units via radical coupling. No low molecular 

weight intermediates were found during the degradation period. 

2.6 Pentachlorophenol. 

Since the discovery of the ability of white-rot fungi to 

degrade xenobiotic compounds, degradation of pentachlorophenol 

(PCP) has received the most attention. Previous industrial 

uses and the chemical nature of PCP make it an ideal compound 

for studying fungal degradation of chlorinated aromatic 

compounds. A detailed description of the chemical nature, 

toxicity, and degradation of PCP is presented to aid in the 

understanding of the research reported in this paper. 

2.6.1 Chemical properties. 

Pentachlorophenol (PCP) is an aromatic molecule 

conSisting of a single benzene ring with one hydroxyl and five 
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chlorine substitutes (Figure 2.6). Table 2.2 lists physical 

and chemical properties of PCP (Crosby, 1981; USEPA, 1983; 

Verschueren, 1983). PCP is a moderately strong organic acid 

existing in both neutral and phenate ion forms with a pKa of 

4.74 (Smejtek, 1987). The hydroxyl group takes part in 

nucleophilic reactions forming esters with acids and ethers 

with alkylating agents (Crosby, 1981). 

The ring chlo~ines 

displacement (Crosby, 1981). 

are resistant to nucleophilic 

PCP is only slightly soluble in 

water reflected by the octanol water partition coefficient of 

5. 01 which indicates a strong tendency of PCP to favor an 

organic phase. The low vapor pressure (10-4 nun Hg @ 20°C), 

and Henry's law constant (2.8 X 10-6 atm"m3 /mol @ 2 ODC) indicate 

a very low volatility of PCP. 

2.6.2 Industrial uses. 

Over the past several decades, pentachlorophenol has been 

widely used by industry. In 1981 it was estimated that 

approximately 50, 000 metric tons of PCP were produced (Crosby, 

1981) . Applications have included wood preserving, 

agricultural herbicide for non-food vegetation control, 

fumigation, slime control for pulp and paper, leather tanning 

and finishing, mining industries, and metal finishing (Crosby, 

1981: USEP, 1983). Extensive use and historical application 
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Figure 2.6. PCP molecule showing both the neutral form which 
predominates below pH 4.74 and the ionized form which 
predominates above pH 4.74. 



61 

Table 2.2. Physical/chemical Properties of 
Pentachlorophenol. 

- molecular weight: 266.4 

- melting point, °C: 190 

- boiling point, °C: 310 

- vapor pressure ( @ 20 °C) : 0.00011 

- specific gravity: 1. 978 

- log octanol/water partition coefficient: 5.01 

- solubility: 5 mg/L @ O°C 35 mg/L @ 50°C 

14 mg/L @ 20°C 85 mg/L @ 700C 
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and disposal practices have led to the introduction of PCP 

into the environment. 

2.6.3 PCP Toxicity. 

Major industrial uses of PCP have exploited the toxic 

nature of this chemical. In humans, PCP inhalation causes 

irritation of the eyes and respiratory tract. PCP is readily 

absorbed through skin with prolonged exposure resulting in an 

acne-like dermatitis. Symptoms include weakness loss of 

appetite, nausea, vomiting, shortness of breath, chest pain, 

headache, excessive sweating, and dizziness. In fatal cases, 

body temperature is elevated and death results from cardiac 

arrest. 

The mode of PCP toxicity in microorganisms has been 

extensively studied by others. PCP partitions into lipid 

bilayers of biological membranes and disrupts production of 

ATP (Smejtek, 1987; Smejtek et al., 1976). PCP causes this 

disruption by setting up a pathway for movement of hydrogen 

ions across the membrane, reducing the proton gradient needed 

for regenerating ATP (Smejtek, 1987). When the proton 

gradient is disrupted, electron transport continues but ATP 

production does not. Pentachlorophenol is considered to be a 

class II uncoupler, because ATP production is uncoupled from 

the electron transport system at the oxidative phosphorylation 

level (Smejtek, 1976). 
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In their research investigating degradation of PCP by P. 

chrysosporium, Mileski et al. (1988) found that 4 mg/L PCP 

prevented growth when cultures were initiated with spores. 

When cultures were allowed to establish mycelial mats in 

nitrogen-sufficient medium before addition of PCP, there was 

little effect on glucose respiration at PCP concentrations as 

high as 500 mg/L. Additional tests showed that glucose 

respiration in mature nitrogen-deficient cultures was 

inhibited by these higher PCP concentrations. 

Lamar et al. (1990) examined the sensitivity of selected 

strains of several species of Phanerochaete growing on 2% malt 

agar impregnated with PCP. Hyphal extension rates were used 

to quantify the effect PCP concentrations from 0 to 25 ppm had 

on fungal growth. Sensitivity to PCP was strain and species 

dependent. P. laevis, P. sanguinea, and P. filamentosa were 

completely inhibited by 5 ppm PCP while P. chrysosporium and 

strains 7,8, and 13 of P. sordida grew at PCP concentrations 

of 25 ppm. Phanerochaete spp. were very sensitive to PCP 

compared to other fungal species. 

2.6.4 Current PCP Treatment Technologies. 

Pentachlorophenol has been detected in soils and waters 

at concentrations well above the recommended levels. Due to 

concerns for human health protection, methods for reducing the 

concentrations of PCP from these environments continue to be 
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investigated. Currently, biological and physical/chemical 

treatment methods are used to reduce PCP concentrations. 

Table 2.3 lists data obtained from pilot and full scale water 

treatment systems (USEPA, 1983). While the removal 

percentages for these treatments are high, the end result is 

often the production of a by-product that has to be handled as 

a hazardous material. Capital and operating costs associated 

with these alternatives can also be high. 

The biological processes listed in Table 2.3 result in 

the detoxification of PCP. The degradation rates in these 

systems are usually slow relative to the rate of partitioning 

into the biomass. This results in toxic sludges that can take 

long periods to degrade residual PCP. Aerated lagoons show 

high removal efficiencies. 

Recent efforts have been made in isolating biological 

organisms that can rapidly degrade PCP, breaking it down into 

a less toxic compound. The majority of the work has centered 

on utilizing bacteria in both pure and mixed cultures. 

Anaerobic sewage sludges have been shown capable of 

degrading PCP (Guthrie et al., 1984; Mikesell and Boyd, 1988). 

The addition of these organisms to soil has enhanced the 

degradation of PCP (Mikesell and Boyd, 1988). In one 

experiment, Mikesell and Boyd found PCP in soil reduced from 

an initial concentration of 70 ~mol to below 0.5 ~mol in 28 

days. 
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Table 2.3. Treatment alternatives for removing PCP from 
water (EPA 600/2-82-00/9, 1983). 

Treatment process 

Physical/Chemical 
Activated Carbon Adsorption 

-granular 
Chemical precipitation with 

with sedimentation 
Coagulation and flocculation 
Filtration 
Flotation 
Sedimentation 
Ultrafiltration 

Biological 
Activated Sludge 
Aerated Lagoons 
Trickling Filters 

Range of removal, % 

59 - 98 

99 
NA 
>99 
19 

55 - 99 
NA 

67 - 99 
>99 
NA 
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Aerobic degradation has been achieved by mixed cultures 

derived from industrial sewage (Klecka and Maier, 1985). 

These cultures were acclimated to PCP over time prior to 

degradation experiments. Applying these cultures in mixed 

tank reactors, removal efficiencies of >99.8% were achieved. 

Research using different strains of bacteria assigned to 

the genus Flavobacterium has shown these organisms capable of 

degrading PCP (Saber and Crawford, 1985; Brown et al., 1986; 

Crawford and Mohn, 1985; Steiert et al., 1987). Strains of 

Flavobacterium have been identified which use PCP as a sole 

carbon source (Saber and Crawford, 1985; Brown et al., 1986). 

In experiments with PCP at >100 ppm, growth was limited and 

required the addition of an alternative carbon source, 

cellobiose (Brown et al., 1986). The added carbon source 

allowed PCP concentrations as high as 600 mg/L to be 

continuously degraded. Data were not available for the 

application of these organisms in large-scale reactors. 

Biologically activated carbon has recently been 

introduced as an alternative for PCP removal from water 

(Speitel et al., 1989). This process combines the high 

efficiency of activated carbon adsorption with the degrading 

abilities of bacteria. The result is rapid reductions of PCP 

from the liquid (adsorption) and inexpensive "bioregeneration" 

of the activated carbon. The activated carbon protects the 



67 

organisms from toxic shock due to high concentrations as well 

as provide an excellent growth environment for the organisms. 

Physical/chemical and biological methods using various 

strains of bacteria have been the main focus for removing PCP 

from contaminated waters and soils. Physical/chemical methods 

are expensive and often result in the production of hazardous 

end products. Bacterial degradation is often slow or very 

sensitive to changing PCP concentrations. Bacteria can 

require acclimation periods before they can grow in the 

presence of low PCP concentrations. 

It is known that white-rot fungi are able to degrade PCP. 

Lyr (1963) first observed dehalogenation of PCP by a fungal 

oxidase from T. versicolor. Lamar and Dietrich reported 

between 88 and 91% decreases in PCP concentration in soil 

treated with P. chrysosporium and P. sordida respectively 

(Lamar and Dietrich, 1990). 

Most research examining aqueous phase PCP degradation has 

focussed on the disappearance of parent compound and the fate 

of l4C using uniformly labelled [ l4C]PCP. Degradation has been 

examined using whole cultures containing mycelium and 

extracellular enzymes, crude and purified extracellular 

enzymes without mycelium, and mycelium without extracellular 

enzymes. 

Although PCP is not completely degraded, several studies 

have shown PCP is modified by extracellular enzymes produced 
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Hsieh and Banerji saw 89% and 85 % 

reductions in PCP concentration in 20 hours by crude enzymes 

in cell-free broth (culture media with mycelium removed) at pH 

4.2 and 7.3 ( Hsieh and Banerji, 1990). Mileski et al. (1988) 

reported that PCP was oxidized by a purified ligninase 

isoenzyme, H2, to form 2,3,5, 6-tetrachloro-2, 5-cyclohexadiene-

1,4 -dione (TCHD). The amount of TCHD formed accounted for 78% 

of the PCP oxidized. Lin et al. (1990) reported the formation 

of TCHD when PCP and H20 2 were added to concentrated 

extracellular fluid from ligninolytic cultures of P. 

chrysosporium. 

Mileski et al. (1988) reported PCP degradation by 

ni trogen-deficient and nitrogen-sufficient cultures of P. 

chrysosporium. Nitrogen-limited cultures reduced a 1.1 mg/L 

initial aqueous phase PCP concentration by 97% in 27 hours. 

Initial PCP concentrations of 13.6 nmol were extensively 

degraded, with over 50% and 10% of the recovered radioactivity 

present as CO2 after 4 days of incubation in 6 day old 

nitrogen-limited and -sufficient cultures respectively. PCP 

degradation was proportional to PCP concentration regardless 

of nitrogen concentration. 
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Using white-rot fungi for water treatment can subject the 

fungi to environmental conditions far removed from their 

natural habitat. Physical and chemical properties of the 

water to be treated can also adversely affect fungal growth. 

The experiments discussed in this chapter were developed to 

examine how temperature, pH, ionic strength, and carbon source 

affect the growth of four species of white-rot fungi. 

3.2 Materials and methods 

3 • 2 • 1 Fung i • Temper a t ure , pH, and ionic strength (wa ter 

activity) experiments were conducted using the following four 

species of white-rot fungi: Phanerochaete chrysosporium 

Burdsall, CFMR ME-446: Trametes versicolor, CFMR 697; Inonotus 

dryophilus, ARIZ 16297; Ganoderma oregonense, ARIZ 16381. 

3.2.2 Experimental procedures. All cultures were maintained 

on 2% (wt/vol) malt agar in either culture tubes or in petri 

dishes. 

needed. 

Subcultures were made every 30 to 60 days or as 

3.2.2.1 Media. Experiments examining growth over temperature 

and pH ranges were conducted on 2% (wt/vol) malt agar in 100 

rom petri dishes. The subsequent liquid-phase pH and ionic 
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strength experiments used modified nitrogen-sufficient Vogel 

media with 2% glucose (Appendix A). The Vogel medium was 

modified with molar equivalents of CaC03 (Ca basis) being 

substituted for CaCl 2 in order to produce a medium with 

minimum halogen concentrations. Carbon source experiments 

used the same media supplemented with either 2% glucose or 2% 

succinic acid (weight/volume). Ten milliliters of media in 

250 ml Erlenmeyer flasks were used for all liquid-phase 

experiments. The ionic strength of the medium was adjusted by 

adding KCI or NaCI. 

3 .2 . 2 . 2 Agar phase temperature experiments. Growth 

experiments were conducted to examine temperature effects on 

hyphal extension rates. Thirty-six plates were inoculated by 

transferring an aliquot of mycelium from an established agar 

slant to the edge of the plate, allowing the fungi to grow 

across the entire plate surface (100 rom). Quadruplicate 

plates were incubated at temperatures from 15°C to 45°C 

increasing at 5°C increments. In order to determine the 

hyphal extension rates, the advancing edge of the developing 

mycelium was measured daily as the fungi traversed the plate 

surface. 

3.2.2.3 Agar phase pH experiments. Experiments to study pH 

effects on hyphal extension rates used the same plating 
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techniques as described in the temperature experiments. The 

pH of the medium was adjusted within the range 3.8 to 8.0 by 

adding H2S04 to achieve pH levels below 6.0 and KOH for pH 

levels above 6.0. Each species was incubated at the optimum 

temperature determined in the temperature experiment described 

above, and hyphal extension rates were measured as previously 

described. 

3.2.2.4 Liquid phase pH experiments. Growth experiments were 

performed in liquid culture to determine if differences 

existed between effects of pH in solid and liquid phase 

growth. These experiments were conducted in 250 ml Erlenmeyer 

flasks fitted with butyl rubber stoppers equipped with gas 

exchange manifolds to allow aeration. Each flask contained 10 

ml of modified Vogel media. The pH was first adjusted to 3.5 

with acetic acid then adjusted upward to the target pH levels 

with concentrated KOH. Acetic acid was substituted for H2S04 

to avoid potential interferences in subsequent chloride ion 

analysis. The final pH range was 3.5 to 8.0 with increments of 

0.5 pH units. Each flask was inoculated with a 5 rom plug of 

mycelium cut from the growing edge of cultures plated on the 

same media used in the flasks. P. chrysosporium was incubated 

for one week, and the other three species for 28 days at their 

respective optimum temperatures before being harvested. 

Growth was determined on a dry weight basis by filtering the 
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mycelium onto a glass-fiber filter (Whatman GF/C) , washing the 

mycelium with three 50-ml aliquots of ultra-pure water, then 

drying for 24 hours at 105°C. 

3.2 .2 .5 Ionic strength experiments. Ionic strength 

experiments were similar to the liquid-phase experiments 

described above except that the pH was held constant and the 

ionic strength was adjusted. Ionic strength was increased by 

the addition of KCl and NaCl for P. chrysosporium and NaCl for 

the other three species. Salt additions (mg/L) and resulting 

ionic strengths are listed in Table 3.1. The pH of media was 

adjusted to, and the temperature of incubation set at, the 

optimum for each species as determined in the previous 

experiments. Depending on the growth rate of each species, 

incubation times were varied to allow enough growth for 

accurate measurement of the biomass produced. P. 

chrysosporium was incubated for 5 days, I. dryophilus and T. 

versicolor for 8 days, and G. oregonense for 15 days, before 

being harvested. Growth was measured on a dry weight basis as 

described in the liquid pH experiment. 

3.2.2.6 Alternative substrate experiments. The final growth 

experiments examined growth (dry weight basis) of the four 

species on two different carbon sources. Agar plates were 

prepared with Vogel medium supplemented with either 2% glucose 
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Table 3.1. Ionic strengths resulting from indicated salt 
additions. Ionic strengths were calculated using a 
thermodynamic computer program (Surfeql). 

KCl additions NaCl additions NaCl additions 
Vogel media Vogel media Vogel media 
pH 4.6 pH 4.6 pH 6.0 

KCl Ionic NaCl Ionic NaCl Ionic 
Conc. strength Conc. strength conc. strength 
mg/L mg/L mg/L 

0 0.106 0 0.106 0 0.098 

280 0.110 1994 0.141 2017 0.133 

706 0.115 4070 0.177 4003 0.168 

1520 0.127 7994 0.245 8038 0.237 

2951 0.146 12000 0.313 9992 0.271 

5891 0.186 16016 0.383 12008 0.306 

11497 0.262 20002 0.451 14010 0.340 

22920 0.416 24018 0.520 16066 0.375 

42900 0.684 28040 0.589 19974 0.442 

85780 N/A 31982 0.656 24007 0.511 
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or 2% succinic acid. Quadruplicate plates were inoculated, 

incubated, and monitored as described in the agar-phase 

temperature experiments. 

3.3 Results 

3.3.1 Agar phase temperature experiments. All four species 

showed optimum growth temperatures within the range of the 

experiment (Figure 3.1). P. chrysosporium had an optimum 

temperature of 40°C the highest of the four species tested, 

and grew well at 45°C. G. oregonense had the lowest optimum 

temperature, 25°C, while both I. dryophilus and T. versicolor 

had optimums of 30°C. P. chrysosporium grew over the entire 

temperature range, I. dryophilus and T. versicolor did not 

grow at or above 40°C, and G. oregonense showed no growth at 

35°C and above. 

P. chrysosporium demonstrated highest specific growth 

rates over the entire temperature range. At 20°C, the radial 

growth rate of P. chrysosporium was 7 rom/day. T. versicolor 

grew almost as well having a radial growth rate of 6 rom/day at 

20°C. G. oregonense and I. dryophilus grew more slowly at 20°C 

with radial growth rates of 4.3 and 2.6 rom/day respectively. 

3.3.2 Agar phase pH experiments. The optimum growth pH values 

were 4.5 to 5.0 for P. chrysosporium, 5.5 to 6.0 for T. 

versicolor, and 6.0 for I. dryophilus and G. oregonense when 
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grown at their optimum temperatures. P. chrysosporium had the 

highest specific growth rate over the entire pH range similar 

to the temperature experiment. Due to alterations in media 

composition during pH adjustment, none of the fungi 

demonstrated growth rates as high in the pH experiments as 

they did in the temperature experiments. 

3.3.3 Liquid-phase pH experiments. Liquid-phase culture tests 

were (;onducted to determine if there was a difference in 

optimum pH between liquid and solid cuI tures . P. 

chrysosporium and I. dryophilus grew over the test period 

(Figure 3.3) while T. versicolor and G. oregonense did not 

show any growth. Both T. versicolor and G. oregonense grew 

very well in this media when the pH was not adjusted, however, 

adjusting the pH resulted in ionic strengths that were 

prohibitive to growth of these species. The optimum pH values 

for the two species that did grow were 5 and 6 in liquid and 

5 and 6 on agar for P. chrysosporium and I. dryophilus, 

respectively. These results show agreement between liquid-

and agar-phase experiments. Final pH values were measured on 

the media at the time of harvest (Figure 3.3). P. 

chrysosporium lowered the pH of the media to below 4.0 while 

I. dryophilus raised the pH to over 8.0 in cultures that 

showed maximum growth. 
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3.3.4 Ionic Strength Experiments. Increasing ionic strength 

inhibited growth of all four species of fungi tested (Figure 

3.4). Inhibition of P. chrysosporium was similar when KCI or 

NaCI were used to adjust ionic strength. Increasing ionic 

strength of the media from 0.10 to approximately 0.20 enhanced 

the growth of P. chrysosporium. Further increasing ionic 

strength to between 0.4 and 0.5 completely inhibited growth of 

this fungus over the 5 day incubation period. 

I. dryophilus was inhibited by ionic strengths as low as 

0.13 when NaCI was added. Complete inhibition occurred at an 

ionic strength of 0.44. Inhibition of T. versicolor growth 

was nearly linear with respect to ionic strength over the 

range of 0098 to 0.511; an ionic strength of 0.51 was 

compleotely inhibitory. G. oregonense was completely inhibited 

by ionic strengths greater than 0.40. 

3.3.5 Alternative substrate experiments. P. chrysosporium and 

T. versicolor grew when either glucose or succinate was added 

to the media (Figure 3.5.) I. dryophilus and G. oregonense 

grew well on glucose but did not grow within two weeks when 

succinate was the carbon source. 

Hyphal extension rates of P. chrysosporium and T. 

versicolor were higher when glucose was the carbon source 

(Figure 3.5). Extension rates of P. chrysosporium growing on 

glucose at pH 4.6 were approximately twice those when growing 
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on succinate at the same pH (Figure 3.Sa). Extension rates 

when growing on glucose at pH 6.0 were over three times those 

when succinate was the substrate. Hyphal extension rates were 

higher for P. chrysosporium at pH 4.6 than at pH 6.0 for both 

substrates. 

Differences in growth rates of T. versicolor were more 

pronounced between substrates at pH 6.0 than 4.6 (Figure 

3. Sb) . Hyphal extension rates averaged 0.5 mm/ day with 

succinate at temperatures between 20°C and 30°C while the rate 

was as high as 6.8 mm/day for glucose at 30°C. Differences in 

growth between substrates at pH 4.6 were less pronounced. T. 

versicolor grew at 40°C on succinate but not when glucose 

served as the substrate. T. versicolor showed higher 

extension rates at pH 6.0 when glucose was the carbon source 

and pH 4.6 when succinate was provided. 

3.4 Discussion 

The lower temperature limit for growth was not determined 

for any of the fungi tested. All four species grew at 15°C, 

the lowest temperature in our experiment. The upper limit was 

determined for three species, with only P. chrysosporium 

growing at or above 40°C (Figure 3.1). The species that did 

not grow at the higher temperatures were completely inhibited 

at 10°C above their optimum. Growth was noticed at 
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temperatures between lDoe and 25°e below the optimum of each 

species. 

When considering using white-rot fungi for wastewater 

treatment purposes, temperatures above the optimum are of 

greater significance. When treating industrial wastewaters or 

contaminated groundwater, or during in-situ decontamination of 

soils, temperature variations can become a major determinant 

in the selection of the organisms to be used. Our experiments 

have shown that if temperature fluctuates above the optimum 

for a given species, alternative species should be considered. 

Temperatures effects on growth below the optimum growth 

temperature may be due to kinetic limitations on the rates of 

metabolic reactions in the growth process. When cultures 

incubated at temperatures where there was no growth after 

several weeks were trans ferred to 

subsequent growth was observed, 

inactivation of the culture. 

lower temperatures, no 

indicating complete 

In these experiments, P. chrysosporium had the highest 

radial growth rate (rom/day) for colonies incubated over a 

temperature range of l5°e to 45°e. Using radial growth rates 

of colonies is sufficient for determining optimum growth 

temperatures but are not the best method for measuring biomass 

production. Radial growth rates measure the rate of hyphal 

extension and do not account for branching and variations in 

the density of mycelial development within a colony. It 



84 

should also be noted that although one fungus might 

demonstrate a greater radial growth rate at a given 

temperature, deviations from the optimum growth temperature 

could result in decreases in metabolic functions which are to 

be exploited (ie. secondary metabolic breakdown of xenobiotic 

compounds) . Comparisons of degradation capacities between 

fungi at different temperatures need to be examined in 

degradation experiments specifically designed for these 

purposes. 

The pH and ionic strength of media affect the growth of 

organisms in several ways as previously described. The four 

species we examined grew over the pH range when grown on the 

agar plates. However, liquid phase experiments produced 

different results from the agar plated. Of the four species 

tested, only P. chrysosporium and I. dryophilus grew in our 

aqueous-phase experiments. Ionic strength experiments suggest 

that this was because the method used to adjust the pH 

resulted in high ionic strengths in the culture media. When 

the pH of all media was first lowered to pH 3.5 before being 

adjusted upward with KOH, the ionic strength of the media at 

pH 6.0, the optimum for the two species that did not grow, was 

significantly higher than in the other liquid-phase 

experiments. Adjusting pH in this way caused the ionic 

strength to be too high for growth to occur. Unfortunately, 

the results from these experiments were due to the combination 
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of pH and water activity. The optimum-growth pH values for P. 

chrysosporium and I. dryophilus did agree with the results 

obtained in the agar phase experiments even though the fungi 

were able to alter the initial pH of the media (Figure 3.3). 

It is concluded that the optimum pH values determined for T. 

versicolor and G. oregonense in the agar experiments are 

valid. 

It has been reported that basidiomycetes are among the 

more sensitive of the fungi to osmotic potential (Griffin 

1981). Addition of different solutes to media causes an 

increase in the osmotic potential of the solution, measured as 

either an increase in ionic strength or a decrease in water 

activity (aw). Water activity is a measure of the 

availability of water to an organism and is defined as the 

ratio of the partial pressure of the solution to the partial 

pressure of pure water. Ionic strength is a measure of the 

concentrations of ions in solution. Either measurement can be 

used to describe the effects of osmotic potential on growth. 

Reduced biomass production by P. chrysosporium and I. 

dryophilus coupled with the lack of growth of T. versicolor 

and G. oregonense in the liquid pH experiments, support these 

findings and further emphasize the need to determine the 

effects of increased osmotic potential on these fungi. The 

only difference between different media used in these pH 

experiments and other growth experiments where there was 
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abundant growth of the four species was the addition of acetic 

acid and KOH. Neither of these chemicals is toxic to fungi at 

lower concentrations; however increasing concentrations when 

adjusting pH, did inhibit growth. 

Results from experiments using either KCI or NaCI to 

increase ionic strengths demonstrated the effects these 

increases had on four species of white-rot fungi. Tolerance 

of increased ionic strength was species dependent, however, 

all species were completely inhibited at ionic strengths above 

0.5. Similarities in inhibition of P. chrysosporium when 

either KCI or NaCI was added to culture media are in agreement 

with the findings of Hocking and Pitt (1979) on the water 

relations of 26 species of Penicillium. They found that 

inhibition in the growth of these fungi was a function of 

water activity (aw) and independent of solute type. 

Ionic strength effects are of concern when considering 

using white rot fungi for the treatment of some industrial 

wastewaters as well as contaminated groundwater. Coupled with 

decreased growth is the alteration in membranes due to higher 

ion concentrations. Charlang and Horowitz (1974) have 

suggested that low water activity (aw) damages membranes 

resul ting in increased permeabili'ty. Since hydrogen peroxide 

required by the lignin peroxidases of white rot fungi is 

produced in the periplasmic space (Forney et al., 1982), 

damage to the membranes could adversely impair H20 2 production, 
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and decrease the effectiveness of the fungi's peroxidase 

enzymes. Since these enzymes have been linked to the 

degradation of many of the environmental contaminants that 

these fungi are being investigated for treating, loss of these 

enzymes could adversely affect pollutant degradation. 
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4.0 PENTACHLOROPHENOL TOXICITY 

4.1 Objective 

White rot fungi have been shown capable of degrading a 

wide variety of chlorinated aromatic compounds, including 

pentachlorophenol (PCP) (Mileski et al., 1988; Lamar and 

Dietrich, 1990; Lamar et al., 1990). The objective of this 

phase of research was to obtain PCP toxicity data needed to 

evaluate the potential for using white rot fungi to treat PCP 

contaminated soils and wastewaters. PCP toxicity experiments 

were developed to examine how PCP affects growth (biomass 

production) and metabolism (carbon utilization) of different 

species of white rot fungi in developing and in mature 

cultures. Comparisons of PCP tolerances of six species were 

made to determine if toxicity considerations are important 

when selecting the fungi to be used for treatment purposes. 

4.2 Materials and Methods 

4.2.1 Fungi. Eighteen species of white rot fungi were 

selected for testing (Table 4.1). Phanerochaete chrysosporium 

ME-446 and Trametes versicolor 697 were obtained from the U. s. 

Forest Products Laboratory, Madison, Wisconsin. All other 

species were obtained from the University of Arizona 

Mycological Collection, Dept. of Plant Pathology, University 

of Arizona, Tucson, Arizona. Cultures were maintained on 2% 
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Table 4.1. Eighteen species selected for PCP sensitivity 
testing. 

Fungus Isolate 

Phanerochaete chrysosporium 
Trametes versicolor 
Ganoderma colossum 
Ganoderma zonatum 
Ganoderma lobatum 
Ganoderma mesquiter 
Ganoderma oregonense 
Ganoderma lucidum 
Inonotus rickii 
Inonotus dryophilus 
Inonotus arzonicus 
Phellinus badius 
Phellinus texanus 
Phellinus robustus 
Perenniporia fraxinophila 
Perenniporia ohiensis 
Perenniporia medulla-panis 
Perenniporia phloiophila 

ME 446 
MAD 697 

NHC 2959 
JPL 1847 

RLG 16384 
RLG 16295 
RLG 16381 
RLG 16400 
RLG 16385 
RLG 16297 
RLG 16346 

JEA 1047 
JEA 1049 

RLG 16373 
JF 17898 
JF 17894 

JEA 832 
RLG 2405 



90 

mal t extract slants at room temperature. Transferring of 

cultures was done every 30 to 60 days by aseptically cu"tting 

a piece of agar from a mature slant with a dissecting needle 

and transferring it to fresh media. 

4.2.2 Chemicals. PCP, acetoni trile, and methanol were 

obtained from Aldrich Chemical Company (Milwaukee, WI). 

Concentrated stock solutions of PCP were prepared in methanol 

so that a 10 ~l addition to 10 ml of media would provide the 

desired PCP concentration. Stock solutions were prepared 

every 30 days or as needed and stored in the dark. Absorbent 

paper discs (No. 740-E) were obtained from Schleicher & 

Schuell (Keene, NH). 

4.2.3 Experimental procedures. 

4.2.3.1 Agar Phase Culture Assays. We examined the tolerance 

of fungal mats to PCP by modifying a procedure used to test 

for antibiotic resistance (Pelczar, 1977). Fungal cultures 

were grown on agar plates containing modified vogel medium and 

trace minerals (Vogel, 1964; Kirk et al., 1978). Starter 

plates were inoculated with each fungus in the plate center 

allowing the cultures to grow radially outward. When the 

cultures grew to approximately 30 rom in diameter, 5 rom plugs 

were cut from the growing edge of the cultures and transferred 

to fresh plates containing the same medium. Cellulose 
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antibiotic assay disks were soaked in culture media containing 

5, 10, 25, 50, and 80 mg-PCP/L. When plated cultures 

developed to approximately 4 cm in diameter, three disks 

soaked in media with the same PCP concentration were placed in 

a triangular pattern outside the growing edge of the mycelium. 

The plates were incubated at room temperature (approximately 

25°C) and observed for development of inhibition zones (non

growth areas) around the PCP-saturated disks. We have 

observed in our experiments that, at room temperature, abiotic 

losses of PCP were insignificant over the duration of our 

experiment. 

PCP, initial 

Because evaporation rates exceeded the loss of 

concentrations of 10 mg-PCP /L increased an 

average of 3.9% over 20 days (average change in PCP 

concentration in 10-ml liquid media in 250-ml Erlenmeyer 

flasks, 6 flasks, std. dev 11.9%). Lamar reported that 

abiotic losses from soil containing approximately 80 mg-PCP/L 

were insignificant over 63 days (Lamar et al., 1990). 

4.2.3.2 Aqueous Phase Culture Assays. In order to 

investigate the toxic effects of PCP in aqueous phase

cultures, three types of assays (described below) were run. 

The first two examined PCP tolerance of developing and mature 

suspended cultures. The final experiment monitored the 

recovery of suspended cultures after PCP addition. The 

variables in these tests included speCies, culture age, and 
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dose (~g-PCP/mg-biomass). Dissolved organic carbon (DOC) was 

measured as a surrogate parameter to monitor glucose 

utilization. Mycelium production was measured on a dry weight 

basis to monitor growth. 

4.2. 3. 3 Developing Aqueous Phase Culture Assays. In the firs t 

experiment I the toxic effects that PCP had on growth of 

cultures whose mycelium was developed but less than one day 

old were examined. Starter plates were inoculated as 

described previously in the solid culture tests. 

Quadruplicate culture tubes (50 mI, 20 mm dia.) were prepared 

containing 10-ml of the medium previously described (without 

agar). PCP was added for final concentrations of 0 to 80 

mg/L , at increments of 5 mg/L. One 5-mm plug was transferred 

from the growing edge of cultures on starter plates to each 

culture tube. Growth of the fungi was observed for 2 weeks. 

4.2.3.4 1-1ature Aqueous Phase Culture Assays. The second type 

of liquid culture test was performed to quantify toxic effects 

PCP had on growth and respiration of cultures which had 

established a significant mycelial mat prior to addition of 

PCP. Starter plates were prepared as previously described. 

One 3-mm plug was transferred to culture tubes containing 10 

ml of the same medium. The cultures were allowed to grow on 

the surface of the media for several days before being 



93 

transferred to culture flasks. Due to differences in growth 

rates, P. chrysosporium and P. badius cultures were incubated 

for 6 days and 6 weeks respectively, while the remaining 

cuI tures were incubated 2 weeks before addition of PCP. 

Quadruplicate 250-ml Erlenmeyer flasks containing 50 ml of 

media had PCP added at concentrations of 0, 5, 10, 20, and 40 

mg/L. P. chrysosporium was harvested 6 days and all other 

cultures 2 weeks after the addition of PCP. 

4.2.3.5 Recovery of Aqueous Phase Cultures After PCP Addition. 

The final liquid-culture experiment examined the recovery of 

P. chrysosporium, I. dryophilus, and T. versicolor after PCP 

addition. Each fungus was grown in 250-ml Erlenmeyer flasks 

containing 10 ml of the media described above except that the 

nitrogen concentration was varied. Nitrogen "sufficient" and 

nitrogen "deficient" cultures contained NH4N03 at 2.0 and 0.178 

gIL respectively (Mileski et al., 1988). 

Flasks containing only fungi and media (blanks) or media 

and PCP, served as controls for fungal growth and abiotic 

losses of PCP, respectively. Degradation flasks contained 

fungi, media, and PCP. Degradation and blank flasks were 

inoculated with one 5 rom plug cut from the actively growing 

edge of cultures as previously described. All flasks were 

incubated for 6 days under ambient atmosphere before the 

degradation and control flasks were spiked with 100 ~g PCP. 
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Flasks were then incubated under ambient atmosphere and 

harvested 1, 3, 6, 10, and 20 days after addition of PCP. 

4.2.3.6 Biomass Production. Biomass (mycelium) production was 

quantified on a dry weight basis. Dry weights were determined 

by filtering the mycelium onto glass fiber filters (Whatman 

GF/C) under 450 mm Hg vacuum. The mycelium and filter were 

washed with two successive 100 ml aliquots of ultrapure water, 

dried at 105°C for 24 hours, cooled, then weighed. 

4.2.3.7 Substrate Concentration. The concentration of glucose 

was indirectly monitored by measuring the total dissolved 

organic carbon (DOC). Although this measurement includes any 

organic metabolites secreted into the liquid, the DOC will not 

change if the fungi are not actively respiring. The DOC was 

measured using a Dohrmann DC-80 total organic carbon analyzer. 

Each sample was filtered (GF/C), centrifuged (16,000 X g, 10 

min) to remove any cell debris, diluted 1:4 with ultra pure 

water, acidified below pH 2.0, and purged with high purity 

nitrogen to remove inorganic carbon. Samples were stored at 

4°C and analyzed within 8 hours of harvesting. 

4.2.3.8 Aqueous Phase PCP. PCP was measured using high 

performance liquid chromatography (HPLC, Beckman) equipped 

with a C-18 reverse phase column (4.6 x 250 mm, Econosphere C-
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18 (5~m)(Alltech ASsoc.). PCP was eluted with a 75:25:0.125 

mixture of acetonitrile:water:acetic acid (Mileski et al., 

1988). PCP elution was monitored spectrophotometrically at 

238 nm and concentration determined by comparing resulting 

peak area counts to a standard calibration curve. 

4.3 Results 

4.3.1 Agar Phase Culture Assays. Clear zones developed around 

disks when the PCP concentration was high enough to inhibit 

growth (Figure 4.1). None of the fungi were inhibited by 

disks containing 5 mg-PCP/L, while all were inhibited to some 

degree by disks containing 10 mg-PCP/L and higher. Within two 

weeks after the inhibition zones were observed, 17 of the 18 

species had overgrown the disks at every PCP concentration. 

Only Ganoderma lobatum (not shown) failed to overgrow disks 

with PCP at 10 mg/L or higher. For this species, zones of 

inhibition remained apparent around all of the disks for the 

duration of the experiment. Increased biomass production on 

the PCP disks was noticed for several species and is believed 

to be due to the utilization of the cellulose in the disks 

(Figure 4.1b & d). 

4.3.2 Aqueous Phase Culture Assays. 

4.3.2.1 Developing Aqueous Phase Culture Assays. The primary 

objective of this experiment was to determine the 
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Figure 4.1. Agar plates showing inhibition zones (left) and 
subsequent growth in these zones (right) for P. chrysosporium 
(a&b) T. versicolor (c&d) and G. zonatum (e&f). 
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concentration of PCP that inhibited further growth of actively 

growing mycelium. To assure that actively growing fungi were 

added to each culture tube containing PCP, mycelial inoculum 

was transferred from the growing edge of plated cultures. All 

species were inactivated at PCP concentrations of 5 mg/L and 

greater. After a two week incubation period, none of the 

species showed any signs of growth in any tubes containing PCP 

while controls showed extensive growth. 

4.3.2.2 Developed Aqueous Phase Culture Assays. Mileski et 

ale 1988, reported that the toxic effects of PCP on P. 

chrysosporium could be circumvented if the fungus were allowed 

to establish a mycelial mat prior to the addition of PCP. In 

this experiment, we examined the responses of mature cultures 

of 6 species to increasing concentrations of PCP. Responses 

were quantified in terms of percent reductions in both 

mycelium production and carbon utilization. Lethal PCP 

dosages were determined as the lowest PCP to mycelium ratio 

that produced complete inhibition of both of these parameters. 

Since each culture contained different amounts of 

biomass, treating cultures with PCP at fixed concentrations 

resulted in different dosages (~g-PCP/mg-mycelium) for each 

species. All six species showed some inhibition from PCP at 

5 mg/L as indicated by both reduced mycelial production and 

glucose (DOC) utilization compared to controls (Figures 4-2 
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through 4-7). For comparison purposes, the following results 

are reported on a dosage (~g-PCP/mg-mycelium) basis. 

DOC utilization and mycelium production were reduced when 

cultures of P. chrysosporium were treated with 0 to 34.6 ~g

PCP/mg-mycelium (Figure 4.2). When PCP was added at greater 

than approximately 15 ~g-PCP/mg-mycelium, growth ceased. 

There was no detectable DOC utilization at PCP dosages as low 

as 8 ~g-PCP /mg-mycelium. Replating fragments of mycelium from 

different concentrations at the time of harvest resulted in 

growth from all transfers except those from cultures treated 

with the highest PCP dose, 34 ~g-PCP/mg-mycelium. Despite the 

lack of growth during the 6-day contact time, cultures treated 

with PCP at 18 ~g-PCP/mg-mycelium remained viable and grew 

when transferred to standard agar medium. 

PCP was added to cultures of I. dryophilus between 0 and 

85 ~g-PCP/mg-mycelium. Reductions in biomass production and 

DOC utilization were observed at the lowest PCP dose (Figure 

4.3). Growth of I. dryophilus was sensitive to PCP dosages as 

low as 10 ~g-PCP/mg-mycelium and net growth was completely 

inhibited at approximately 85 ~g-PCP/mg-mycelium. DOC 

utilization decreased 64% between 0 and 43 ~g-PCP/mg-mycelium 

then leveled off at approximately 36 mg of DOC utilized per 

culture at higher PCP additions (Figure 4.3). Upon replating 

on standard medium, mycelium from all concentrations showed 

growth. 
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Figure 4.2. DOC utilization (~) and mycelium production (A) 
by Phanerochaete chrysosporium growing in liquid culture with 
increasing PCP dosage (~g-PCP/mg-mycelium). 
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T. versicolor was treated with PCP between 0 and 41 ~g

PCP/mg-mycelium. This species showed a linear decrease in 

biomass production totalling 24% over the range of PCP 

addition (Figure 4.4). Carbon utilization decreased 

approximately 60% between 0 and 5 ~g-PCP/mg-mycelium, then 

decreased an additional 4% between 5 and 42 ~g-PCP/mg

mycelium. Replating cultures on standard medium resulted in 

growth for cultures treated at or below 21 ~g-PCP /mg-mycelium. 

Unfortunately, the plate for the culture with 41 ~g-PCP/mg

mycelium became contaminated and no growth was observed; 

however, there was visible growth in these cultures during the 

time between PCP addition and culture harvesting. 

Of the 6 species tested, G. oregonense had developed the 

least amount of mycelium when PCP was added. This resulted in 

this fungus receiving the highest PCP dosages. The dose range 

was from 0 to 212 J!g-PCP /mg-mycelium. Growth decreased 

sharply between dosages of 0 and 25 ~g PCP/mg mycelium, then 

decreased slightly between 25 and 212 ~g-PCP/mg-mycelium 

(Figure 4.5). Carbon utilization was completely inhibited at 

PCP above 50 ~g-PCP/mg-mycelium. Replating on standard medium 

resulted in growth of all transfers from cultures with PCP 

between 0 and 25 ~g-PCP/mg-mycelium and no growth for any 

transfers from cultures at higher dosages. 

PCP was added to P. medulla-panis between 0 and 78 ~g-

PCP/mg-mycelium. Compared to controls (no PCP), growth 
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decreased over 80% with a dose of 10 I1g-PCP/mg-mycelium 

(Figure 4.6). Growth ceased when cultures were treated with 

PCP at more than 30 I1g-PCP/mg-mycelium. DOC utilization 

followed the same trend as mycelium production. Replating on 

standard medium resulted in growth of all transfers from the 

cultures treated with dosages below 20 I1g-PCP/mg-mycelium. 

P. badius was the slowest growing fungus tested; however, 

the cultures had developed the largest quantity of mycelium by 

the time the PCP was added (6 weeks). PCP was added at 

dosages between 0 and 14 I1g-PCP/mg-mycelium. Mycelium 

production was reduced 19% and 56% and DOC utilization was 

reduced 23% and 48% at PCP dosages of 7 and 14 I1g-PCP/mg-

mycelium respectively (Figure 4.7). Replating on standard 

medium resulted in growth of all transfers from cultures at 

all PCP dosages. 

Residual aqueous phase PCP concentrations were measured 

at the time the cultures were harvested (Table 4.2). CuI tures 

of I. dryophilus and P. medulla-panis with an initial PCP 

concentration of 5 mg/L or greater maintained a PCP residual. 

P. chrysosporium and G. oregonense cultures with initial PCP 

concentrations of 10 mg/L and above maintained residual PCP, 

while only the 40 mg/L cultures of T. versicolor had residual 

PCP. P. badius showed no residual in any of the flasks. 
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Figure 4.6. DOC utilization (~) and mycelium production (~) 
by P. medulla-panis growing in liquid culture with increasing 
PCP dosage (~g-PCP/mg-mycelium). 
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Table 4.2. Residual PCP concentrations in culture media 
at time of harvest. 

Initial PCP Concentration (mg/L) 

Fungus 0 5 10 20 40 

P. chrysosporium ME-446 0.0 0.0 0.6 2.6 4.5 

I. dryophilus 16297 0.0 1.0 2.6 10 23 

T. versicolor 697 0.0 0.0 0.0 0.0 0.2 

G. oregonense 16381 0.0 0.0 1.8 3.1 13.4 

P. medulla-panis JEA 832 0.0 0.9 2.7 12 30 

P. badius JEA 1047 0.0 0.0 0.0 0.0 0.0 
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4 .3 .2 .3 Recovery of Aqueous Phase CuI tures After PCP Exposure. 

Nitrogen-sufficient and nitrogen-deficient cultures of P. 

chrysosporium, I. dryophilus, and T. versicolor "recovered" 

after treatment with 10 mg-PCP/L. All three cultures 

exhibited an adverse response to PCP regardless of nitrogen 

concentration. Both the reduced DOC utilization and mycelium 

production after the addition of PCP illustrate the toxic 

effect of the PCP (Figures 4.s through 4.10). 

Cultures of P. chrysosporium were treated with 5.6 and 

25.0 ~g-PCP/mg-mycelium for nitrogen-sufficient and-deficient 

cultures respectively. PCP inhibited both carbon utilization 

and biomass production (Figure 4. 8a) . P. chrysosporium 

overcame the initial toxic effects since both growth and DOC 

utilization resumed after 3 to 4 days. By day 6, growth and 

DOC utilization in PCP treated cultures matched those of 

untreated cultures for the remainder of the 20 days. 

The effects of PCP on nitrogen-deficient cultures were 

more severe than the effects on nitrogen-sufficient cultures 

(Figure 4.sb). P. chrysosporium was inactivated by 5.0 ~g

PCP/mg-mycelium and biomass production and DOC utilization did 

not occur during the 20-day test period. 

PCP was added to I. dryophilus at 3.1 and 6.5 ~g-PCP/mg

mycelium for nitrogen-sufficient and -deficient cultures, 

respectively. I. dryophilus showed a 3-day lag period after 

addition of PCP when DOC utilization and biomass production 
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ceased (Figure 4.9a). By day 6, growth and DOC utilization 

had resumed, and any noticeable effects had diminished. We 

noticed that after the addition of PCP, the fungus developed 

more aerial mycelium and less aqueous-phase mycelium than the 

cultures without PCP. 

Prior to PCP addition, nitrogen-deficient cultures of I. 

dryophilus developed significantly less mycelia than nitrogen

sufficient cultures , resulting in much higher PCP dosages 

(over 2 times greater) for a constant mass of PCP added 

(Figure 4. 9b). Both DOC utilization and biomass production in 

the PCP flasks lagged behind blank flasks over the 20-day test 

period. Untreated cultures reached maximum DOC utilization by 

day 6 while treated cultures utilized 18% less carbon than 

untreated cultures over the 20-day period. 

T. versicolor had 2.2 and 5.3 I-Lg-PCP/mg-mycelium added to 

nitrogen-sufficient and -deficient cultures, respectively. 

This species also developed more aerial and less aqueous-phase 

mycelium in PCP treated cultures than in untreated cultures. 

The addition of PCP to nitrogen-sufficient cultures showed a 

greater effect on biomass production than DOC utilization 

(Figure 4 .10a) . After 1 day of growth, the quantity of 

biomass produced in the untreated cultures was almost double 

that of those treated with PCP. After 20 days, the treated 

and untreated cultures had produced approximately the same 

quantity of mycelium. The effect on carbon utilization was 
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less noticeable than the effect on biomass production (Figure 

4.10a). DOC utilization in PCp-treated cultures showed an 

initial lag of approximately 1 day before recovering and 

matching the utilization in untreated cultures. 

DOC utilization and biomass production were inhibited by 

PCP in nitrogen-deficient cultures of T. versicolor (Figure 

4 .10b). After 6 days, the rate of DOC utilization was similar 

in treated and untreated cultures. 

rate had recovered by the tenth day. 

4.4 Discussion 

The biomass production 

The development of clear inhibition zones around disks 

containing 10 mg-PCP/L and not 5 mg-PCP/L suggests a 

concentration in this range is capable of altering metabolic 

activity of all the fungi tested. PCP at concentrations 

between 5 and 10 mg/L caused hyphal extension to cease 

temporarily before the fungi presumably made some type of 

adjustment and growth continued. After two weeks, seventeen 

of the eighteen species tested were capable of overgrowing the 

disks at concentrations as high as 80 mg/L. This suggests 

some common metabolic adjustment exists among these fungi 

which allows them to grow in an environment where PCP is 

present at toxic concentrations. 

The ability of the fungi to eventually overgrow the PCP 

saturated disks can be attributed to two possible mechanisms. 
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The first includes the production of enzymes which can modify 

the PCP molecule, reducing its toxicity. Previous research 

has shown several of these fungi produce extracellular enzymes 

which can modify PCP in the absence of the fungus (Mileski et 

al., 1988; Lamar and Dietrich, 1990). These enzymes have 

usually been produced in nutrient stressed cultures; however, 

data from our experiments (Chapter 5) suggest their production 

in nutrient-sufficient cultures as well. The production of 

enzymes could either be in response to the PCP or due to 

natural production as part of the ligninolytic system. 

The second mechanism involves a physiological adjustment 

of metabolic activity within the fungus. Filamentous fungi 

grow by a process of hyphal elongation at the tips of the 

hyphae (Alexopoulos and Mims, 1979; Garraway and Evans, 1984; 

Griffin, 1981). Actively growing tips are lacking in most 

organelles but contain an increased number of cytoplasmic 

vesicles (Alexopoulos and Mims, 1979; Garraway and Evans, 

1984). Just behind this area of the tip there is an increased 

number of mitochondria that provide the ATP needed during 

synthesis of the cell wall precursors (Ingold, 1973). Based 

on how PCP is known to affect bacteria, we hypothesize that 

the initial inhibition of growth in the vicinity of the PCP 

saturated disk is due to a decrease in ATP production by 

mitochondria present in hyphal tips in this region of the 

plate. In a normal cell, translocation of protons into the 
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periplasmic space results in a transmembrane proton gradient 

(Figure 4.11a). When cells are exposed to PCP, the PCP 

partitions into membranes of mitochondria. This provides a 

pathway for transmembrane hydrogen transfer, causing the 

proton gradient needed to regenerate ATP to be reduced (Figure 

4.11b) When the gradient is disrupted, electron transport can 

continue but ATP production is reduced (Griffin, 1981). The 

fungus can adjust for the PCP-induced reduction in ATP 

production by either increasing the number of mitochondria at 

the hyphal tip or reorganizing transport of new cell material 

from other parts of the fungus not in contact with the PCP. 

Once these adjustments are made, growth can resume. 

The results from the liquid phase culture experiments can 

be used to understand how the fungi would be affected by PCP 

in bioreactors designed for wastewater treatment. Mileski 

reported that spore germination of P. chrysosporium was 

prevented at PCP concentrations as low as 4 mg/L (Mileski et 

al., 1988). In our experiments, all fungi were killed at a 

PCP concentration of 5 mg/L when actively growing mycelium was 

added. This result differs from those obtained in the 

saturated disk and the other two suspended-culture 

experiments. Due to the development of cultures prior to PCP 

addition, there was a larger quantity of biomass present in 

these other experiments. This resulted in the fungi in the 

tubes receiving higher mass loadings (~g-PCP/mg-mycelium) than 
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the fungi in the other experiments. It is likely the PCP 

dosages in the tubes were sufficient to suppress ATP 

production to the point where the fungi were killed. 

The main objective of the developing suspended culture 

experiments was to examine the inhibitory effects of PCP on 

growth and metabolism while determining the lethal dosage for 

each species tested. P. chrysosporium, P. medulla-panis, and 

G. oregonense were inactivated within the experiment. I. 

dryophilus, T. versicolor, and P. badius all survived their 

highest PCP dose. 

Table 3 lists the sensitivity of the 6 fungi in terms of 

percent decrease in biomass production at a dose of 

approximately 10 ~g-PCP/mg-mycelium. The data show that P. 

chrysosporium was the most sensitive to PCP, having the 

greatest reduction in biomass production, and the lowest 

lethal dosage (17-34 ~g-PCP/mg-mycelium). While no biomass 

was produced when PCP was added at 17.5 ~g-PCP/mg-mycelium 

over the 7 days, the lethal dose could be higher. Mycelia 

from the flasks with PCP at 17 ~g-PCP/mg-mycelium did grow 

when transferred to fresh media. The reason for this became 

apparent from the data obtained in subsequent experiments and 

is discussed later in this chapter. 

Cultures of P. chrysosporium treated with PCP at 35 ~g

PCP/mg-mycelium did not grow when transferred to standard 

media. This suggests that the lethal dose was between 17.5 
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Table 4.3. Lethal PCP dosages and percent reductions in 
biomass production. 

Resulting reduction in 
Fungus Lethal dose biomass production (%) 

(~g-PCP/mg-mycelium) from a dose of 10 ~g 
PCP/mg mycelium 

P. chrysosporium 17-34 96 

P. medulla-panis 20-40 83 

P. badius NO 33 

G. oregonense 25-50 21 

T. versicolor NO 6 

I. dryophilus NO 5 

NO: not determined. 
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and 35 J,Lg-PCP fmg-mycelium, which indicates a comparable lethal 

dose with G. oregonense and P. medulla-panis. 

The addition of PCP to cultures of the three species not 

killed in the developing suspended growth experiments caused 

changes in the gross morphology of these cultures. Cultures 

containing PCP developed more aerial and less aqueous mycelium 

than the untreated cultures. This suggests that if the PCP 

suppressed ATP production enough to limit growth of aqueous 

mycelium, the aerial mycelium could serve as the backup 

providing the requirements for nutrient uptake and transport. 

This partial contact would have allowed I. dryophilus, T. 

versicolor, and P. badius to tolerate higher PCP dosages. 

Several white-rot fungi have been shown to produce 

extracellular ligninase enzymes in cultures with nutrient 

conditions similar to those in these experiments (Mileski et 

al., 1988; Kirk et al., 1978; Jeffries et al., 1981). 

Previous research has shown the presence of extracellular 

enzymes which attack PCP (Mileski et al., 1988). By modifying 

the PCP moleculG: the enzymes effectively reduce the dose or 

concentration of PCP to which the fungi are exposed. When PCP 

was added in the mature suspended culture and recovery 

experiments, the presence of these extracellular enzymes could 

have provided added protection to the fungi. 

P. chrysosporium, I. dryophilus, and T. versicolor were 

able to overcome the effects of exposure to PCP when the 



120 

initial PCP concentration was 10 mglL and the resulting 

dosages were below 10 J,Lg-PCP/mg-mycelium. The one-time 

addi tion of PCP allowed a period of recovery for cultures that 

were not inactivated when the PCP was applied. This recovery 

period explains why the cultures of P. chrysosporium treated 

wi th 17.5 J,Lg-PCP Img-mycelium in mature suspended culture 

experiments did not develop mycelium in culture but grew upon 

replating. This fungus was most likely harvested during the 

recovery period when the fungus was viable but not actively 

growing. 

4.4.1 Implications For Use of Fungi in Wastewater Treatment 

Bioreactors. Several reactor configurations have been 

examined for potential use in fungal treatment of contaminated 

waters. The most common process uses rotating biological 

contactors (1,14-16). Other configurations include using the 

fungi in batch ferrnentors, packed bed reactors, and well mixed 

reactors with immobilized fungal cells (Roy, 1989; Pellinen 

and Joyce, 1990; Lewandowski et al., 1990). Limited data are 

available on the toxicity of different compounds which could 

be treated with white rot fungi in these reactors. 

Lewandowski used a substrate inhibition model to examine the 

toxic effect of 2-chlorophenol on enzyme activity with P. 

chrysosporium in packed bed and well mixed immobilized cell 

reactors (Lewandowski et al., 1990). 2-chlorophenol showed no 



121 

inhibitory effects at concentrations as high as 460 and 521 

mg/L for the reactor configurations respectively (Lewandowski 

et al., 1990). No data were found on the toxicity of PCP for 

any of these reactor types. 

Research has been reported describing the ability of P. 

chrysosporium to deplete PCP from contaminated soils (Lamar 

and Dietrich, 1990). Other research has shown success in 

treatment of soils contaminated with 2,4,5-

trichlorophenoxyacetic acid and fluorene (George and Neufeld, 

1989; Ryan and Bumpus, 1989). 

The results from our experiments suggest the need to 

consider dose relationships when using white rot fungi for 

soil bioremediation or biological wastewater treatment. PCP 

concentrations previously reported to be non-inhibitory to 

white rot fungi were shown to be lethal when the effective 

mass loadings were high enough. 
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5.0 EXTRACELLULAR ENZYME PRODUCTION 

5.1 Objective 

White rot fungi secrete enzymes which breakdown lignin 

and release the cellulose in plant tissue, making it available 

to the organisms. Enzymes produced by Phanerochaete 

chrysosporium catalyze the initial oxidation in the breakdown 

of pentachlorophenol (PCP) in the absence of mycelium (Mileski 

et aI, 1988; Hsieh and Banerji, 1990). This series of 

experiments was designed to examine the production and 

activity of extracellular enzymes by four species of white rot 

fungi growing under different nutrient conditions. 

Determining the activity of extracellular enzymes is critical 

for understanding the initial metabolic pathway of PCP 

degradation by whole cultures. It is also of interest because 

of the potential use of these secreted enzymes in the 

treatment of PCP contamination in environments not conducive 

to fungal growth. 

Enzymatic activity was defined as the catalysis of any 

reactions which modified PCP resulting in decreased 

concentrations in the absence of fungal mycelia. Activity was 

quantified on the basis of PCP disappearance and extent of 

dehalogenation. Experiments were set up to continuously 

produce PCP degrading enzymes in flow-through reactors, using 
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culture parameters observed in batch reactors during enzyme 

production. 

5.2 Materials and Methods 

5.2.1 Fungi. Phanerochaete chrysosporium ME-446 and Trametes 

versicolor MAD 697 were obtained from the U. S. Forest Products 

Laboratory, Madison, Wisconsin. Perenniporia ohiensis JF 

17894 and Phellinus badius JEA 1047 were obtained from the 

University of Arizona Mycological Collection, Dept. of Plant 

Pathology, University of Arizona, Tucson, Arizona. 

5.2.2 Chemicals. PCP, HPLC methanol, and HPLC acetonitrile 

were obtained from Aldrich Chemical Co. (Milwaukee, Wis.). 

Concentrated PCP solutions were made by gravimetrically adding 

PCP to a volume of methanol. Stocks were stored at room 

temperature in the dark for 30 days. Calibration standards 

and culture dosages were made by dilution. 

5.2.3 Biomass Production. Biomass (mycelium) production was 

quantified on a dry weight basis. Dry weights were determined 

by filtering the mycelium onto glass fiber filters (Whatman 

GF/C) under 450 rom Hg vacuum. The mycelium and filter were 

washed with two successive 100 ml aliquots of ultrapure water, 

dried at 105°C for 24 hours, cooled, then weighed. 
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5.2.4 Substrate Concentration. The concentration of glucose 

was indirectly monitored by measuring the total dissolved 

organic carbon (DOC). Although this measurement includes any 

organic metabolites secreted into the liquid, the DOC will not 

change if the fungi are not actively respiring. The DOC was 

measured using a Dohrmann DC-80 total organic carbon analyzer. 

Each sample was filtered (GF/C), centrifuged (16,000 X g, 10 

min) to remove any cell debris, diluted 1:4 with ultra pure 

water, acidified below pH 2.0, and purged with high purity 

nitrogen to remove inorganic carbon. Samples were stored at 

4°C and analyzed within 8 hours of harvesting. 

5.2.5 Aqueous Phase PCP. PCP was measured using high 

performance liquid chromatography (HPLC, Beckman) equipped 

with a C-18 reverse phase column (4.6 x 250 mm, Econosphere C-

18 (5~m)(Alltech ASsoc.). PCP was eluted with a 75:25:0.125 

mixture of acetonitrile:water:acetic acid (Mileski et al., 

1988). PCP elution was monitored at 238 nm and concentration 

determined by comparing resulting peak area counts to a 

standard calibration curve. 

5.2.6 GC/MS analysis for intermediates. Samples were analyzed 

for degradation intermediates using a Hewlett-Packard 5890 gas 

chromatograph interfaced with a Finnigan 4000 series mass 

spectrophotometer. All of the samples were analyzed by 
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injecting 1 ~l of sample directly onto a 0.32 rom-i.d. 30-meter 

J&W DB-5 capillary column using a coolon-column accessory. 

This technique allowed for the samples to be analyzed without 

derivitization. The column oven was programmed at 100°C for 

1 minute, then heated and held at 250°C at 10 degrees/minute. 

5.2.7 Experiments. Enzyme degradation experiments were 

conducted using either culture broth from batch reactors or 

effluent from flow-through reactors. Two types of batch 

culture experiments were conducted as described below. 

In the first batch culture experiments, enzyme production 

by P. chrysosporium, T. versicolor, P. ohiensis, and P. badius 

was examined. Experiments were conducted in 250 ml Erlenmeyer 

flasks containing 100 ml of modified nitrogen-sufficient Vogel 

media (Appendix A). Flasks were inoculated by transferring a 

5-rom plug from the edge of actively growing plate cultures. 

Cultures were grown in stationary flasks under ambient 

atmosphere for five weeks at room temperature (23°C). Mycelia 

were separated from culture broth by filtering the contents of 

each flask through a glass fiber filter (Whatman GF/C). 

Twenty-five milliliters of filtered broth was pipetted into 35 

ml amber bottles and PCP was added. PCP was added to culture 

broth from all four species at 30 mg-PCP/L. Broth from P. 

chrysosporium and T. versicolor were also spiked with 60 mg-
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PCP/L. Additional broth from P. chrysosporium was spiked with 

10, 40, and 80 mg-PCP/L. 

After PCP addition, the bottles were sealed with teflon 

screw caps and placed on a oscillating shaker table at room 

temperature for 48 hours. After incubation, the contents of 

the bottles containing 30 and 60 mg-PCP/l were centrifuged for 

10 minutes, then analyzed for PCP, TX, and IX. A time series 

of samples was withdrawn from the bottles containing broth 

from P. chrysosporium with the various PCP concentrations, and 

analyzed for residual PCP. 

In the second batch experiments, enzyme production by 

ni trogen-sufficient and nitrogen-deficient cultures of P. 

chrysosporium and T. versicolor was examined during the early 

phase of growth (the first 10 days). Experiments were 

conducted in 250 ml Erlenmeyer flasks containing 10 ml of 

either nitrogen-sufficient or -deficient media. Flasks were 

inoculated by transferring a 5-mm plug of mycelium from the 

edge of actively developing plate cultures. Fungi were grown 

under ambient atmosphere, at 39°C or 27°C, and pH 4.6 or 5.0 

for P. chrysosporium and T. versicolor, respectively. 

Following inoculation, triplicate flasks were harvested 

daily and culture broth was extracted by filtration as 

described in the first batch experiments. Mycelial dry 

weight, residual DOC, and ammonia concentration were measured 

in the broth. Ten milliliters of broth was pipet ted into 100 
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mm X 10 mm culture tubes and PCP added at 10 mg-PCP/L. The 

tubes were sealed with teflon-lined screw caps, then incubated 

in the dark for 48 hours at the temperature used during 

growth. After 48 hours, residual PCP and halogen measurements 

were made. 

The final enzyme experiment examined the continuous 

production of PCP-degrading enzymes by P. chrysosporium in 

flow-through reactors. Two 2-liter bench top fermentors 

containing 2 liters of modified nitrogen-sufficient Vogel 

media (Appendix A) were inoculated with the contents of a 100-

ml, 5-day-old culture of P. chrysosporium. Both fermentors 

were operated at 39°C and stirred at 200 rpm. Air was pumped 

into the reactors at a minimum of 4 liters/min. After an 

initial period of 1 week, nitrogen-deficient media was pumped 

through the fermentors at a rate of 1 lid. Residual DOC was 

measured to determine when the reactors reached steady state 

conditions. Once steady state was verified, effluent samples 

were taken for 3 consecutive days. Aliquots of the effluent 

samples were analyzed for residual DOC and ammonia. The 

samples were then prepared as described in the batch 

experiments, spiked with PCP at 10 mg/L, and incubated for 48 

hours. After incubation, residual PCP and halogen 

measurements were made. 

After the 3 consecutive sample days, the nitrogen 

concentration was adjusted upward and the reactor allowed to 
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The sampling procedure was 

repeated and the cycle of increasing nitrogen concentration 

implemented. Influent nitrogen concentrations were 40.1, 

80.2, and 401 mg N/L as NH/. 

5.3 Results 

5.3.1 Deep batch experiments. In the first set of enzyme 

experiments using P. chrysosporium, T. versicolor, P. 

ohiensis, and P. badius growing in 100 ml of media, I examined 

the degradation of PCP by crude enzymes present in the culture 

broth extracted from 5-week-old cultures. PCP was added to 

the extract from P. chrysosporium and T. versicolor at 60 and 

30 mg/L. Figures 5.1 and 5.2 are the halogen "fingerprints" 

resulting from initial concentrations of 60 and 30 mg-PCP/L, 

respectively, after 48 hours of incubation. 

Initial PCP concentrations of 60 and 30 mg-PCP/L, were 

reduced by 38 mg/L (64%) and 13 mg/L (44%) respectively, in 48 

hours by the enzymes present in extract from P. chrysosporium. 

Enzymes produced by T. versicolor reduced PCP by 43 mg/L (72%) 

and 11.4 mg/L (38%) when initial PCP concentrations were 60 

and 30 mg/L, respectively. Inorganic halide concentrations 

increased between 2% and 4% (approximately the accuracy of the 

instrument) . 

The "fingerprints" presented in Figure 5.3 resulted from 

incubating culture broth extracted from 5 week old cultures of 
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Figure 5.1. Halogen "fingerprint" resulting from an initial 
concentration of 60 mg-PCP/L in culture broth extracted from 
5 week old cultures of P. chrysosporium and T. versicolor. 
Error bars not shown. 
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Figure 5.2. Halogen "fingerprint" resulting from an initial 
concentration of 30 mg-PCP/L in culture broth extracted from 
5 week old cultures of P. chrysosporium and T. versicolor. 
Error bars not shown. 
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Figure 5.3. Halogen "fingerprint" resulting from an initial 
concentration of 60 mg-PCP/L in culture broth extracted from 
5 week old cultures of P. ohiensis and P. badius. Error bars 
not shown. 
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P. ohiensis and P. badius for 48 hours after the addition of 

60 mg-PCP/L. Degradation patterns from these 2 species were 

similar to those from P. chrysosporium and T. versicolor. 

Enzymes present in extract from P. ohiensis reduced the PCP 

concentration by 83% and increased the inorganic halide 

concentration by 8.9%. Enzymes secreted by P. badius, reduced 

the PCP concentration by 29% while the inorganic halide 

concentration increased by 4.5%. TOX as PCP accounted for 77 

percent of the initial PCP. 

A time series of samples taken from PCP spiked extract 

from 5 week old cultures of P. chrysosporium. Figure 5.4 

shows the residual PCP concentrations resulting from initial 

concentrations of 10, 40, and 80 mg-PCP/L. In most cases, 

enzymatic reductions were complete within 24 hours for all 

concentrations. Initial concentrations of 80, 40, and 10 mg/L 

resulted in disappearances of 52 mg/L (65%), 35 mg/L (87%), 

and 5 mg/L (50%) respectively. At 100 hours, 0.1 ml of 30 

percent hydrogen peroxide was added. This caused a temporary 

increase in the aqueous phase PCP which returned to levels 

prior to H20 2 addition. 

5.3.2 Shallow batch experiments. Experiments were conducted 

to examine enzyme activity in terms of PCP removal and 

dehalogenation percentages over time. Experiments were 

repeated in shallow batch cultures, flasks containing 10 ml of 
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media. Nitrogen-sufficient and -deficient cultures of P. 

chrysosporium, and nitrogen-deficient cultures of T. 

versicolor were examined. Although differences in PCP removal 

and dehalogenation existed between experimental replicates, 

the trends in degradation patterns were similar. 

Injecting 40 mg-PCP/L into mycelium-free broth extracted 

daily from nitrogen-deficient cultures of P. chrysosporium, 

resulted in a maximum reduction in PCP concentration of 50%. 

(Figure 5.5). Maximum PCP degrading activity appeared in 

cuI ture broth on days 3 and 5 for experiments 1 and 2 

respectively. Maximum activities occurred during the linear 

growth phase, in the presence of ample carbon but limited 

nitrogen (Figure 5.6a,c). 

Broth extracted from nitrogen-sufficient cultures of P. 

chrysosporium exhibited enzyme activity, reducing PCP 

concentrations by 50% and 25% on days 5 and 2 for experiments 

1 and 2, respectively (Figure 5.5). Enzymatic activity was 

diminished in batch cultures by the ninth day. Nitrogen

sufficient cultures showed a slight increase in dehalogenation 

activity between days 8 and 9. 

Chloride ion was measured to determine the dehalogenation 

potential of crude enzymes present in culture broth at the 

time of harvesting. All cultures demonstrated dehalogenation 

activity regardless of nitrogen concentration. In the first 

experiment examining enzyme production in batch culture over 
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time, release of chloride ion was bimodal with maximum 

activity on days 3 and 7 regardless of nitrogen condition. In 

general, dehalogenation was greater in broth from nitrogen

deficient cultures relative to nitrogen-sufficient cultures. 

As with the PCP-reducing activity, dehalogenation potential 

diminished in batch cultures incubated for 9 days. 

In the second enzyme production experiment, chloride ion 

release was 50% lower than in the first experiment. The 

pattern of dehalogenation was bimodal; however, the extent was 

similar regardless of nitrogen concentrations. Nitrogen

sufficient cultures exhibited significant dehalogenation 

activity on day 9, with increase in chloride ion concentration 

to 1 mg/L. Table 5.1 lists PCP removals, chloride ion 

concentrations, and percents of PCP reduction and 

dehalogenation by crude enzymes secreted over time in batch 

cultures. The data show that maximum dehalogenation did not 

occur with maximum PCP reduction. In the first experiment, 

nitrogen-deficient cultures achieved greater dehalogenated 

than the nitrogen-sufficient cultures. The results from the 

second experiment were the opposite. 

The same enzyme 'experiments were repeated using T. 

versicolor. While there were variations in the extent of PCP 

removal between replicate experiments, the trends were 

similar. In both experiments, PCP concentrations were not 

reduced when PCP was injected into culture broth from flasks 
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Table 5.1. PCP and chloride ion concentrations, % PCP 
reductions, and % dehalogenation by crude enzymes produced 
in batch culture over time by P. chrysosporium. 

Experiment 1 

Cultur PCP % PCP Chloride % chlorine 
e age removed reduction ion conc. removal 

mg/L mg/L 

N-s N-d N-s N-d N-s N-d N-s N-d 

0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

2 2.9 4.3 7.3 11 0.0 0.0 0.0 0.0 

3 12 19 32 48 1.1 2.2 13 17 

4 17 14 43 34 0.7 1.0 6.2 11 

5 20 13 49 33 0.9 1.2 7.0 14 

6 14 8.1 36 20 1.7 1.7 18 32 

7 7.5 7.8 19 20 1.8 2.5 36 49 

8 4.4 4.0 11 10 1.5 1.4 52 53 

9 0.0 0.0 0.0 0.0 0.6 0.6 ---- ----
Experiment 2 

0 3.0 2.6 7.5 6.5 0.0 0.4 0.0 23 

1 1.6 0.0 4.0 0.0 0.0 0.5 0.0 ----

2 9.5 0.0 24 0.0 0.4 0.6 6.4 ----

3 9.1 14 23 36 0.6 0.4 10 4.2 

4 6.3 12 16 31 0.3 0 7.2 0.0 

5 4.5 21 11 52 0.5 0.8 17 5.9 

6 2.4 11 6.0 28 1.1 1.0 69 13 

7 0.0 9.7 0.0 24 0.6 0.0 ---- 0.0 

8 2.1 9.3 5.3 23 0.4 0.0 29 0.0 

9 2.3 4.4 5.8 11 1.0 0.0 66 0.0 
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harvested in the first 4 to 5 days. After a culture age was 

reached where enzymatic activity appeared, PCP was degraded 

when injected into broth from subsequent cultures for the 

remainder of the experiment. 

Maximum reductions of PCP concentration were 35% on day 

5 in the first experiment and 70% on day 4 in the second 

(F igure 5. 7). Maximum reductions occurred while cultures were 

in linear growth with sufficient carbon and nitrogen present 

(Figure 5.8). 

As with P. chrysosporium, the dehalogenation profile in 

culture broth from T. versicolor was bimodal. Maximum 

dehalogenation activity appeared on days 3 and 6 in the first 

experiment and days 3 and 8 in the second. The first peak 

occurred during linear growth while the second peak appeared 

around the time of declining growth (Figure 5.8). In both 

experiments maximum releases resulted in chloride ion 

concentrations of approximately 2 mg/L. Table 5.2 lists PCP 

removals, chloride ion concentrations, and percents of PCP 

reduction and dehalogenation by crude enzymes secreted over 

time in batch cultures. The data show that the maximum 

percent dehalogenation did not coincide with maximum PCP 

removals. 

5.3.3 Flow through Reactor experiments. P. chrysosporium was 

grown in flow through reactors under three different nitrogen 
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Table 5.2. PCP and chloride ion concentrations, % PCP 
reductions, and % dehalogenation by crude enzymes produced 
in batch culture over time by T. versicolor. 

PCP % PCP Chloride % chlorine 
Cultur removed reduction ion conc. removal 
e age mg/L mg/L 

Exp Exp 2 Exp 1 Exp 2 Exp 1 Exp Exp 1 Exp 2 
1 2 

0 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.0 

1 0.7 ---- 1.8 ---- 0.0 ---- 0.0 ----

2 2.5 ---- 6.3 ---- 0.0 ---- 0.0 ----

3 2.6 2.7 6.5 6.8 2.2 1.3 130 73 

4 0.5 0.0 1.3 0.0 1.6 1.5 480 0.0 

5 13 7.9 33 20 1.7 2.6 20 50 

6 9.9 31 25 78 2.5 0.5 38 2.4 

7 12 20 31 51 1.4 1.4 17 11 

8 7.2 7.6 18 19 0.6 1.2 13 24 

9 10 20 25 51 0.0 1.2 0.0 9.0 

10 ---- 19 ---- 48 ---- 2.0 ---- 16 
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concentrations to determine if this fungus would continuously 

produce the enzymes observed in shallow batch cultures. 

Effluent from the reactors was sampled and examined for PCP

degrading activity by injection of 10 mg/L PCP, incubation for 

48 hours, and analysis. Although all three influent nitrogen 

concentrations resulted in effluent containing nitrogen belm" 

the concentration in batch cultures during enzyme production, 

none of the effluent samples demonstrated any PCP-degrading 

activity. 

5.4 Discussion 

P. chrysosporium, T. versicolor, P. ohiensis, and P. 

badius grown in "deep" batch cultures, flasks with 100 ml of 

media, produced extracellular metabolites that reacted with 

PCP, reducing PCP and increasing chloride ion concentrations. 

Normalizing the appearance of chloride ion with the amount of 

PCP removed results in 6% to 14% dehalogenation. This 

suggests the formation of more than one intermediate since 

removal on one chlorine from a PCP molecule would result in 

20% dehalogenation. 

We did not perform the analysis in our experiments to 

identify any breakdown compounds resul ting from PCP 

degradation. Mileski et al. (1988) identified 2,3,5,6-

tetrachloro-2,5-cyclohexadiene-1,4-dione (TCHD) as a 

degradation intermediate when PCP was added to a concentrated 

ligninase purified from 5 day old agitated cultures of P. 
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TCHD appeared as a secondary 

peak on their HPLC chromatogram and was verified against 

standards using GC/MS. The extract from our cultures grown at 

ambient temperature reduced PCP but lacked the appearance of 

any intermediate peaks on our HPLC. We used the same 

chromatographic method as Mileski so the formation of TCHD if 

present, should have been observed on o~r chromatograms, 

unless the resulting concentration was below the detectable 

limits. 

Dehalogenation percentages below 20% suggest 

modifications occur that do not dehalogenate chlorine from 

some of the transformed PCP. Lamar and Dietrich (1990) 

noticed the appearance of pentachloroanisole in soils 

inoculated with either P. chrysosporium or P. Sordida. Using 

GC/MS analysis, we found pentachloroanisole as an intermediate 

during PCP degradation in liquid by whole cultures of P. 

chrysosporium. Since this compound is found in the 

environment outside the cell, it is possible that it is formed 

via extracellular enzymes. Since the HPLC technique uses the 

hydrophobicity of compounds for separation and detection, the 

hydrophilic nature of this 

compound would prevent separation from the media, and cause it 

to be masked on our chromatograms. 

Culture parameters influencing ligninolytic activity by 

these fungi in liquid culture have been investigated by others 
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(Bar-Lev and Kirk, 1981; Fenn and Kirk, 1981; Jeffries et al., 

1981; Keyser et al., 1978; Kirk et al., 1978; Leszkiewicz and 

Kinner, 1988; Ried , 1979). One of the main findings has been 

the requirement of nutrient limitation, before the 

ligninolytic enzyme system is expressed (Kirk et al., 1978). 

Research dealing with the degradation of chlorinated aromatic 

and multi-ring aromatic compounds has correlated ligninolytic 

activity with the degradation of these compounds. Mileski et 

al., (1988) showed degradation of PCP by P. chrysosporium 

occurred in both nitrogen-deficient and nitrogen-sufficient 

cultures. I also found PCP-degrading activity in culture 

broth from P. chrysosporium for either nitrogen condition; 

however, nitrogen-deficient cultures exhibited enhanced PCP 

degrading activity. Greater PCP degrading activity in 

nitrogen starved cultures is attributed to the contribution 

from the ligninolytic enzymes being secreted by these fungi. 

The appearance and subsequent disappearance of enzymes in 

ligninolytic cultures of P. chrysosporium has been documented 

by others (Farrell et al., 1987; Leisola et al., 1987). Our 

experiments showed that PCP degrading activity in culture 

broth extracted from cultures of increasing age, reflected 

changing enzymatic conditions over the 10 days of culturing. 

Although PCP degradation occurred under nitrogen-sufficient 

and -deficient conditions, degradation and dehalogenation was 

enhanced by nitrogen limitation. The bimodal pattern of 
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dehalogenation correlated well with previously reported 

patterns of enzyme appearance in ligninolytic cultures. 

The lack of enzyme production in flow through reactors 

can be attributed to several factors. Agitation has been 

implicated in causing mechanical inactivation of enzymes 

produced in batch cultures (Venkatadri and Irvine, 1990). Our 

flow through reactors were stirred by impellers at 200 rpm. 

If agitation is capable of enzyme destruction, mechanical 

stirring could impart the same result. 

Another possible explanation for the absence of enzyme 

activity in the effluent from these reactors is the production 

of proteases which attack the PCP degrading enzymes. It has 

been reported that cultures of P. chrysosporium under severe 

carbon stress secrete proteases which degrade lignin 

peroxidase in liquid media (Dosoretz et al., 1990). Although 

the carbon levels in the reactor fluid were not severely 

limiting (compared to batch reactors), concentrations within 

the dense mycelial mass may have been. It is possible that 

mycelia in these carbon-poor regions were induced into 

protease production. 

Finally, the lack of enzyme activity could have been due 

to increased availability of nutrient to the fungus. 

Mechanical stirring along with aeration and continuous fluid 

flow increases the diffusion of nutrients to the hyphal walls. 

This results in a higher effective concentration at the 
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wall/liquid interface which could suppress ligninolytic 

activity. Fungi growing in continuous-flow reactors as fixed 

films immobilized on polyurethane foam have successfully 

produced ligninolytic enzymes (Capdevila et al., 1989). 

Mycelia growing as an attached film may have the benefit of 

being protected from excess shear. 
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6.0 Degradation of Pentachlorophenol by Suspended Cultures 

6.1 Objective 

Gilbertson (1980) reported that there are over 1600 

species of wood-decay fungi that recycle the carbon found in 

lignin. Only a few have been studied in regards to pollutant 

destruction, and the major emphasis in this area has been on 

Phanerochaete chrysosporium. I conducted experiments to 

examine PCP degradation by 10 species of white-rot fungi 

growing suspended in batch cultures. The 10 species are known 

lignin degraders and were selected for this reason. 

PCP is hydrophobic and readily partitions into lipid 

bilayers of biological membranes. In order to accurately 

quantify the amount of PCP degraded, adsorption must be 

quantified and subtracted from the PCP removed from solution. 

Adsorption isotherms were developed in order to estimate the 

mass of PCP absorbed to mycelia during PCP degradation. 

Increasing oxygen concentration increases the production 

of ligninases by P. chrysosporium (Bar-Lev and Kirk, 1981; 

Reid and Siefert, 1982; Leszkiewicz and Kinner, 1988). 

Degradation experiments were conducted to examined the effects 

of oxygen concentration, culture age, and different lignin 

containing compounds on PCP degradation. 

Ligninolytic activity is responsible for the ability of 

whi te rot fungi to degrade many environmental pollutants 
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(Table 2.1). The final degradation experiments compared PCP 

degradation under nitrogen concentrations previously reported 

to stimulate ligninolytic activity of white rot fungi in 

liquid culture. 

6.2 Materials and Methods 

6.2.1 Fungi. Table 1 is a list of the species used in 

experiments discussed in this chapter. P. chrysosporium ME-

446 and T. versicolor MAD 697 were obtained from the u.s. 

Forest Products Laboratory, Madison, Wisconsin. All other 

species were obtained from the University of Arizona 

Mycological Collection, Dept. of Plant Pathology, University 

of Arizona, Tucson, Arizona. 

6.2.2 Chemicals. Pentachlorophenol (PCP), HPLC methanol, and 

HPLC acetonitrile were obtained from Aldrich Chemical Co. 

(Milwaukee, Wis.). Concentrated PCP solutions were made 

gravimetrically by adding PCP to a known volume of methanol. 

Stocks were stored at room temperature in the dark for 30 

days. PCP calibration standards and additions to cultures 

were made by dilution. 

6.2 • 3 Aqueous Phase PCP. PCP was measured us ing high 

performance liquid chromatography (HPLC, Beckman) equipped 

with a C-18 reverse phase column (4.6 x 250 mm, Econosphere C-
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Table 6.1. 
experiments. 

Species selected for degradation/adsorption 

Fungus 

Phanerochaete chrysosporium* 
Trametes versicolor* 
Ganoderma colossum* 
Ganoderma zonatum* 
Ganoderma lobatum* 
Ganoderma oregonense* 
Inonotus rickii* 
Inonotus dryophilus* 
Perenniporia fraxinophila 
Perenniporia ohiensis 
Perenniporia medulla-panis* 
Perenniporia phloiophila* 

Isolate 

ME 446 
MAD 697 

NRC 2959 
JPL 1847 

RLG 16384 
RLG 16381 
RLG 16385 
RLG 16297 

JF 17898 
JF 17894 

JEA 832 
ME 2405 

* - species examined in degradation experiments. 
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18 (5~m)(Alltech ASsoc.). PCP was eluted with a 75:25:0.125 

mixture of acetonitrile:water:acetic acid (Mileski et al., 

1988). PCP elution was monitored at 238 nm and concentration 

determined by comparing resulting peak area counts to a 

standard calibration curve. 

6.2.4 Adsorption Experiment Biomass Additions. The amount of 

biomass added to each bottle in the adsorption experiments, 

was determined by the difference in weight of the reaction 

bottles before and after the wet mycelium was added. 

Correction factors used to converted to a dry weight basis, 

were determined by weighing an amount of wet mycelia, drying 

the mycelia at 103°C for 24 hours, cooling to constant weight 

in a desiccator, and weighing the dry mycelia. Conversion 

factors were defined as the ratio of the dry weight of mycelia 

to the wet weight of mycelia. 

6.2.5 Biomass Production. Biomass (mycelium) production was 

quantified on a dry weight basis. Dry weights were determined 

by filtering the mycelium onto glass fiber filters (Whatman 

GF/C) under 450 rom Hg vacuum. The mycelia and filter were 

washed with two successive 100 ml aliquots of ultrapure water, 

dried at 105°C for 24 hours, cooled, then weighed. 
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6.2.6 Substrate Concentration. The concentration of glucose 

was indirectly monitored by measuring the total dissolved 

organic carbon (DOC). Although this measurement includes any 

organic metabolites secreted into the liquid, the DOC will not 

change if the fungi are not actively respiring. The DOC was 

measured using a Dohrmann DC-80 total organic carbon analyzer. 

Each sample was filtered (GF/C), centrifuged (16,000 X g, 10 

min) to remove any cell debris, diluted 1:4 with ultra pure 

water, acidified below pH 2.0, and purged with high purity 

nitrogen to remove inorganic carbon. Samples were stored at 

4°C and analyzed within 8 hours of harvesting. 

6.2.7 Fungal adsorption experiments. Mycelial adsorption of 

PCP was characterized by running batch isotherms using 

different species of fungi. Fungi were grown in triplicate 

flasks on pH 6.0 nitrogen-sufficient Vogel media (Appendix A) 

until enough mycelia were produced to work with. The fungi 

were inactivated by placing the growth chambers in a 55°C 

incubator for 24 hours. The mycelia were removed from the 

media and washed with 3 consecutive 200 ml aliquots of ultra

pure water. Excess water was removed from the mycelia by 

vacuum filtration through a glass-fiber filter (Whatman GF/C) . 

Adsorption reactors consisted of 35-ml amber bottles 

sealed with teflon-lined screw caps. Each bottle contained 25 

ml of nitrogen-sufficient Vogel media at pH 6.0 (Appendix A). 
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PCP concentration was held constant at 80 mg-PCP/L and the 

mass of mycelia added to each reactor was varied. Aliquots of 

wet mycelia were weighed as they were added to the reactors. 

Mycelial dry weights were determined as described above. 

The adsorption reactors were placed on an oscillating 

shaker table at room temperature (23°C) for 48 hours, then 

removed and allowed to settle. Supernatant ( 1.5 ml) was 

withdrawn from each reactor and centrifuged (16,600 x g) for 

10 minutes to remove all mycelia and particulates. 

Equilibrium PCP concentrations were determined by HPLC. 

6.2.8 Fungal degradation experiments. Degradation experiments 

were conducted using whole cultures. Fungi were grown in 250 

ml Erlenmeyer flasks, sealed with rubber stoppers modified for 

air exchange (Figure 6.1). These reactors allowed for sterile 

control of the atmospheric composition above the liquid 

surface by passing the gas through a 0.22 ~m filter. Sample 

withdrawal was done with minimum culture disturbance via a 

syringe pump attached to a 18-gauge stainless steel needle 

that was submerged in fluid. Media type and quantity were 

dependent on the specific experiment and are described later. 

Suspended culture experiments were carried out in three 

phases. The first phase examined reductions in aqueous PCP 

concentrations by 10 species. The second phase investigated 

effects that O2 concentration, culture age, and addition of a 
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Figure 6.1. Reactor configuration used for PCP degradation 
experiments with suspended cultures of white-rot fungi. 
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lignin source had on PCP degradation performance. The final 

phase correlated PCP degradation to growth phase in 

relationship to changing culture parameters including carbon 

concentration and biomass production. 

The 10 species examined for PCP degrading ability are 

marked with an asterisk in Table 5-1. Each fungus was grown 

in 50 ml of pH 6.0, nitrogen-deficient Vogel media (Appendix 

A). Triplicate flasks were inoculated by transferring a 5mm 

plug from the outer edge of actively growing plate cultures. 

Triplicate flasks of all fungi and a sterile control (no 

fungus), were incubated at room temperature for two weeks 

before 8 mg-PCP/L was added. Over time, 1.5 ml samples were 

withdrawn from each flask and combined, centrifuged (16,600 x 

g) for 10 minutes, and analyzed for PCP. 

The next set of experiments were conducted using only P. 

chrysosporium. Flasks were set up as described in the 

previous degradation experiments. Triplicate cultures were 

established for each of three conditions; controls, a pure O2 

atmosphere, and an ambient atmosphere (air). Cultures were 

incubated for 20 days before 8 mg-PCP/L was added. The 

atmospheres (headspace) in each flask was flushed for 2 

minutes with 160 ml/min of either filtered air or pure O2 

every 3 days. The sampling procedure was the same as above. 

Triplicate cultures were established to examine the 

effects of culture age on PCP degradation. Three sets of 
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flasks were inoculated 5 days apart, and incubated at room 

temperature. Ten days after the final set was inoculated, the 

cultures were spiked with 8 mg-PCP/L. The resulting culture 

ages were 10, 15, and 20 days. 

described above. 

The flasks were sampled as 

In order to examine the stimulation of PCP degradation in 

the presence of lignin, one of two lignin sources was added to 

pH 6.0 nitrogen-deficient Vogel media (Appendix A). Flasks 

containing media with no fungus (blanks), media with fungus 

and no lignin (controls), media with fungus and 0.1 ml of 

sodium lignosulfonate, and media with fungus and ammonium 

lignosu1fonate were inoculated and incubated at room 

temperature. After 12 days of incubation, 8 mg-PCP/L was 

added and the flasks sampled as previously described. 

In order to examine the effects of culture depth on PCP 

degradation, experiments in the third phase were set up 

similar to the other degradation experiments except that they 

used only 10 ml of Vogel media (Appendix A). The pH of the 

media was 6.0 and incubation was at room temperature . 

Experimental variables included PCP and nitrogen 

concentrations. PCP degradation as a function of PCP 

concentration was examined for P. chrysosporium, I. 

dryophilus, T. versicolor, and G. oregonense. PCP was 

introduced into 10-day-old cultures at 0, 5, 10, 20 and 40 mg-
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The cultures were incubated for 8 more days, then 

harvested and analyzed for PCP and biomass concentrations. 

In order to determine the effects of nitrogen 

concentrations on PCP degradation, nitrogen levels in the 

media were controlled by the addition of 178 or 1780 mg

NH4N03/L for nitrogen-deficient or nitrogen-sufficient Vogel 

media (Appendix A), respectively. The pH of the medium was 

4.6 for P. chrysosporium, and 6.0 for the other 3 species. 

All species were incubated at room temperature. Experiments 

examining effects of nitrogen concentration on PCP degradation 

were repeated. In the first experiment, flasks were harvested 

and analyzed for aqueous PCP and in the second experiment they 

were analyzed for PCP, biomass (mycelium), and DOC 

concentration. 

6.3 Results 

6 . 3 . 1 Sorption of PCP to Mycelium. The results from the 

adsorption experiments are grouped by genus and appear in 

Figures 5-2. For the most part, all species showed favorable 

adsorption of PCP. 

There was only slight correlations in the amount of PCP 

adsorbed over the equilibrium concentration range between 

sorptive properties of species within the same genus. The 

best correlations appeared within the genus Ganoderma. The 

genus Perenniporia showed very little correlation between 
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Figure 6.2. PCP adsorption isotherms. a., P. chrysosporium 
and T. versicolor; b., Inonotus spp.; c., Ganoderma spp.; d., 
Perenniporia spp .. 
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species. The Inonotus genus showed similar trends at 

concentrations below 30 mg/l, but tended to deviate at higher 

concentrations. Single species of Phanerochaete and Trametes 

were analyzed so no intra-species correlations could be made. 

At the mid- equilibrium PCP concentration (40 mg/L) , the range 

of mycelial loadings (g PCP/g mycelium) for all species tested 

is encompassed in the genus Perenniporia. The range is 

approximately 0.01 g-PCP/g-mycelium for the Perenniporia 

ohiensis to 0.05 g-PCP/g-mycelium for Perenniporia 

phloiophila. In previous research conducted in our 

laboratory, PCP adsorption by bacteria was approximately two 

orders of magnitude greater than that of fungi (data not 

shm'ffi) • 

6.3.2 Fungal degradation experiments. 

The first phase of experiments examined 10 species of 

white rot fungi for their ability to degrade PCP. All 10 

species of fungi were able to reduce PCP concentrations when 

grown in stationary cultures, in 50 ml of pH 6.0 Vogel media, 

at room temperature (Figure 6.3). 

Both P. chrysosporium and T. versicolor reduced the PCP 

concentration by 50% within 24 hours. Both of these fungi 

achieved their maximum reductions by 100 hours with P. 

chrysosporium and T. versicolor removing 67% and 75% of the 

PCP from solution, respectively. 
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I. rickii and I. dryophilus reduced 8 mg-PCP/I to below 

1 mg-PCP/L within 200 hours (Figure 6. 3b). I. rickii achieved 

96% of this removal with in 75 hours of PCP addition. I. 

dryophilus demonstrated linear reductions removing 

approximately 1 mg-PCP/L per day. 

All Ganoderma species, reduced the PCP level by 50% 

within 24 hours and continued degrading PCP beyond 125 hours. 

G. colossum and G. lobatum achieved final reductions after 150 

hours of 95% and 92% respectively, while G. oregonense and G. 

zonatum removed 83% of the PCP by 175 hours. 

P. medulla-panis reduced the PCP concentration by 23% 

within 24 hours and reached maximum reduction of 60% in 125 

hours. P. phloiophila removed 40% of the PCP from solution in 

24 hours and continued degrading the PCP, reaching 72% PCP 

removal after 174 hours. 

The second phase of degradation experiments examined the 

effects of O2 concentration, culture age, and the presence of 

lignin, on PCP degradation by suspended cultures of P. 

chrysosporium. 

The first experiment investigated the effect of 

atmospheric O2 concentration on PCP degradation. Flushing 

culture flasks with pure O2 resulted in a slightly more rapid 

degradation of the PCP than flushing with air (Figure 6.4). 

CuI tures eventually reduced the PCP to below detectable levels 

(0.1 mg/L) regardless of O2 concentration. 
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The ligninolytic system of P. chrysosporium growing in 

liquid batch culture is only expressed during a limited part 

of the life cycle of the fungus. The next set of experiments 

was designed to examine how culture age effects the ability of 

P. chrysosporium to degrade PCP. 

Increasing culture age at the time of PCP addition 

resulted in increased PCP removals (Figure 6.5). Ten day old 

cuI tures reduced PCP to 5.9 mg-PCP /L in 4 hours. PCP 

concentration leveled off at 5.3 mg/L after 25 hours with no 

further reduction during the remainder of the test period. 

Fifteen day old cultures rapidly dropped the PCP to 5.3 mg

PCP/L. After 24 hours, the PCP concentration was 3.1 mg/L. 

The final reduction observed with 15 day old cultures was 69% 

(2.5 mg-PCP/L final concentration). Trends in reductions of 

PCP concentrations by 20 day old cultures were similar to 15 

day old cultures. Twenty day old cultures reduced the 

concentration to 3.8 mg/L in 4 hours with subsequent 

reductions paralleling those by the 15 day old cultures. 

The final set of experiments in this phase were initiated 

when the cultures were 13 days old. CuI tures containing 

nitrogen-deficient Vogel media, were spiked with 8 mg/L PCP. 

At the time of inoculation, 3 flasks had sodium lignosulfonate 

added at 0.39 mg/l total organic carbon (TOC) basis, 3 had 

ammonium lignosulfonate added at 0.38 mg/L TOC basis, and 3 

had no lignin added. The results from these cultures showed 
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PCP concentrations were reduced to approximately the same 

level, 3 mg/L, regardless of lignin addition (Figure 6.6). 

Equilibrium was achieved within 25 hours with insignificant 

reductions afterward. 

PCP degradation was proportional to PCP concentration for 

cultures of P. chrysosporium, I. dryophilus, T. versicolor, 

and G. oregonense (Figure 6.7). Using the residual aqueous 

PCP concentrations and the amount of biomass present, the 

amount of PCP adsorbed to mycelia was extrapolated from 

adsorption isotherms previously developed. Subtracting out 

the fraction of PCP that was adsorbed to mycelium after 8 days 

of incubation, showed that P. chrysosporium and G. oregonense 

removed up to 100% and I. dryophilus and T. versicolor 96% of 

the PCP, when initial concentration was 5 mg-PCP/L. When the 

initial PCP concentration was 40 mg/L, T. versicolor, P. 

chrysosporium, I. dryophilus, and G. oregonense, removed 84%, 

78%, 75%, and 57% of the PCP respectively; over the 8-day 

incubation period. 

In order to correlate PCP degradation with growth, the 

final phase of degradation experiments monitored the 

disappearance of aqueous PCP and organic carbon and biomass 

concentrations for 20 days after PCP addition. P. 

chrysosporium, I. dryophilus, T. versicolor, and G. oregonense 

were initially examined for PCP degradation. In the repeat 

experiment, G. oregonense was excluded. 
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The results from the first replicate are illustrated in 

Figure 6.8. With the exception of P. chrysosporium, nitrogen

deficient cultures removed PCP faster than nitrogen-sufficient 

cuI tures. Equivalent PCP degradation was noticed for P. 

chrysosporium, regardless of nitrogen concentration. P. 

chrysosporium, I. dryophilus, and T. versicolor reduced PCP 

concentrations to below detectable limits (0.1 mg-PCP/L) 

within 10 days. G. oregonense, the slowest growing of the 

four species, took 20 days to achieve similar reductions. 

The second replicate experiments resulted in more rapid 

reductions in PCP concentration by nitrogen-sufficient 

cultures of all three species tested (Figures 6.9-11). P. 

chrysosporium reduced the levels to below detectable limits 

within 3 days regardless of nitrogen concentration. PCP was 

added to nitrogen-sufficient and -deficient cultures of P. 

chrysosporium during linear growth (Figure 6.9a-d). PCP was 

degraded by both nitrogen-sufficient and -deficient cultures 

during linear growth. Mycelia in nitrogen-sufficient cultures 

was inhibi ted by the added PCP but recovered after 2 days 

(Figure 6.9c). Nitrogen-deficient cultures were severely 

inhibited by the PCP and did not recover by the twentieth day 

after PCP was added (Figure 6.9d). 

PCP concentrations were reduced to below 0.1 mg/L in 10 

days by nitrogen-sufficient and nitrogen-deficient cultures of 

I. dryophilus (Figure 6.10a,b). These cultures were also in 
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Figure 6.8. PCP degradation by N-sufficient and -deficient 
cultures of white rot fungi. a., P. chrysosporium; b., I. 
dryophilus; c., T. versicolor; d., G. oregonense. 
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Nitrogen-

deficient cultures were near the end of the linear growth 

phase when PCP was added, although mycelial mass did increase 

slightly during degradation. 

Nitrogen-sufficient cultures of T. versicolor reduced PCP 

concentrations to below detectable limits in 7 days while 

nitrogen-deficient cultures took 10 days to achieve this level 

of removal (Figure 6.lla,b). PCP was added to both culture 

conditions during linear growth, reflected by the continued 

increases in mycelium production and net carbon utilization 

(Figure 6.11c,d). 

6.4 Discussion 

The fact that all 10 species selected were able to 

degrade PCP suggest this to be a common property of white rot 

fungi. During lignin degradation, release and further 

breakdown of lower molecular weight phenolic intermediates 

occurs. The ability of these fungi to degrade PCP 'likely 

results from their ability to degrade phenolic intermediates. 

The primary concern when using white rot fungi to degrade PCP 

would be the toxic effects associated with PCP. 

Cultural parameters influencing lignin degradation have 

been previously investigated by other researchers. One of the 

main findings has been the obligate requirement of nutrient 

limitation for the ligninolytic enzyme system to be 
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operational (Kirk et aI, 1978). Other research dealing with 

the degradation of simple chlorinated aromatic and non

chlorinated multi-ring aromatic compounds has determined it is 

necessary for the ligninolytic system to be operating for 

degradation of aromatics to occur. 

Mileski et al. (1988) showed degradation of PCP in both 

nitrogen-deficient and nitrogen-sufficient cultures. In their 

experiments, PCP degradation was enhanced when cultures were 

nitrogen-limited. My experiments showed PCP removal was 

similar in cultures regardless of nitrogen condition. 

Nitrogen-deficient cultures of Trametes versicolor and 

Inonotus dryophilus developed less mycelium than the nitrogen

sufficient cultures. Phanerochaete chrysosporium developed 

mycelium more rapidly in nitrogen-sufficient cultures, but 

nitrogen-deficient cultures produced more mycelium over time. 

Normalizing PCP removals to the amount of mycelium in cultures 

shows that nitrogen-deficient cultures of T. versicolor, and 

I. dryophilus were more efficient at degrading PCP than 

nitrogen-sufficient cultures. 

Mileski et al., (1988) reported the appearance of TCHD 

when PCP was incubated with concentrated extracellular enzymes 

from P. chrysosporium. The chromatograms we derived from 

living cultures of P. chrysosporium revealed a peak that we 

thought could be TCHD. GC/MS analysis of the fluid failed to 

detect any TCHD. The only metabolic intermediate found in our 
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studies was pentachloroanisole (PCA) , a methylated derivative 

of PCP. Further efforts are required to elucidate the 

metabolic pathway of PCP degradation before these organisms 

can be considered for use in field applications. 

Increased enzymatic activity has been reported for 

cuI tures grown under increasing oxygen partial pressures. 

Reports of increases up to 5-fold in lignin-oxidizing activity 

for 0.8 atm O2 over 0.2 atm O2 (Bar-Lev and Kirk, 1981). In 

our experiment, P. chrysosporium cultures grown under pure O2 

removed 6% more PCP than cultures grown under atmospheric O2 , 

Increasing O2 concentration was determined not to be 

significantly beneficial for PCP removal by suspended 

cultures. Complete PCP mineralization (breakdown to C021 

water, and chloride ion) was not investigated as was the case 

with lignin degradation. Subsequent reactions in the 

metabolic pathway of PCP degradation could be enhanced under 

pure oxygen, and need to be further investigated. 

Most of the research focusing on degradation of non

lignin compounds, including the environmental pollutants 

listed in Table 2.1, has been done by others using "shallow" 

cultures consisting of 10 ml of media in 250 ml Erlenmeyer 

flasks. This "shallow" reactor configuration was adapted from 

experiments which saw optimum ligninase activity by P. 

chrysosporium cultured this way. I showed PCP degradation 

occurred in both "shallow" and "deep" cultures (flasks 



containing 100 ml of media). 

PCP degradation occurs in 

activity. 
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This added to conclusion that 

the absence of ligninolytic 

PCP degradation increased with increasing culture age 

(Figure 6.5). Cul ture age is important in batch studies 

because of the closed environment in which the organisms are 

grown. After inoculation,the cultures utilize available 

nutrients from, as well as dispose of, any waste products to 

their immediate environment. Batch studies give valuable 

information for the start up of flow-through reactors, 

however, the build up of toxic metabolic byproducts could 

cause underestimation of degradation by these fungi. Species 

showing degradation capabilities in the batch studies, should 

be included in further study using flow-through systems to 

determine their potential for field applications. 
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7.0 Degradation of Pentachlorophenol by Fixed FiLm Cultures of 

lVhite Rot Fungi 

7.1 Introduction 

Before proceeding to field applications with any type of 

treatment system, bench scale experiments must be conducted to 

verify the performance of the technolcgy. Research in our 

laboratory as well as work by others, has shown that white rot 

fungi degrade PCP at the bench scale level. We observed that 

ten species degraded PCP when grown in shallow stationary 

batch cultures (Chapter 5). Mileski et ale (1988) reported 

complete mineralization of PCP by P. chrysosporium growing in 

the same type of batch cultures. While the data obtained from 

shallow stationary cultures are valuable for elucidating 

degradation potentials and metabolic pathways, it is unlikely 

that shallow stationary batch culture reactors could be used 

in field treatment of Gontaminated waters. 

White rot fungi have been used to treat papermill 

wastewater in rotating biological contactor reactors (RBCs) 

(Pellinen et al., 1988). This type of reactor is similar to 

trickling filter reactors in that the fungus is subjected to 

a cycle of submergence in liquid and contact with the 

atmosphere. Growth of fungi in fixed-film systems is ideal 

because they allow control of atmospheric conditions in a low 

shear environment. 
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There appears to be evidence that shear forces can have 

detrimental effects on ligninase activity in cultures that 

express this activity in the absence of shear. 

Irvine (1990) reported that ligninases 

Venkatadri and 

produced by 

ligninolytic cultures of P. chrysosporium were mechanically 

inactivated by agitation (shear). Results from enzyme 

experiments reported in Chapter 5 showed PCP degrading enzyme 

activity was not detected in flow-through reactors under high 

shear conditions, whereas under similar nutrient conditions 

but stationary (no shear), PCP degrading activity was 

observed. 

7.2 Objective 

The primary objective of these experiments was to develop 

a bench scale technique for simulating the shear conditions of 

RBC's and trickling filters. The experiments reported in this 

chapter examined PCP degradation by P. chrysosporium, I. 

dryophilus, and T. versicolor growing as fixed film cultures 

in rotating tube reactors. Studies were conducted to see how 

ni trogen and PCP concentrations affected PCP degradation. 

Chlorine balances were made during degradation to follow the 

fate of the chlorine liberated from the parent compound. The 

unaccounted for chlorine, the difference between the amount of 

PCP chlorine added and the total aqueous phase chlorine, was 

assumed to be associated with the mycelium. This fraction 
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included any PCP or other chlorinated organic intermediates, 

as well as chloride ion, adsorbed to or taken up by the 

fungus. 

783 Materials and Methods 

7.3.1 Fungi. Phanerochaete chrysosporium ME-446 and Trametes 

versicolor MAD-697 were obtained from the U. S. Forest Products 

Laboratory, Madison, Wisconsin. Inonotus dryophilus RLG 16297 

was obtained from the University of Arizona Mycological 

Collection, Dept. of Plant Pathology, University of Arizona, 

Tucson, Arizona. 

7.3.2 Chemicals. PCP, acetoni trile, and methanol were 

obtained from Aldrich Chemical Company (Milwaukee, WI). 

Concentrated stock solutions of PCP were prepared in methanol 

so that a 10 ~l addition to 10 ml of media would provide the 

desired PCP concentration. Stock solutions were prepared 

every 30 days or as needed and stored in the dark. 

7.3.3 Analytics. 

7.3.3.1 Substrate Concentration. The concentration of glucose 

was indirectly monitored by measuring the total dissolved 

organic carbon (DOC). Although this measurement includes any 

organic metabolites secreted into the liquid, the DOC will not 

change if the fungi are not actively respiring. The DOC was 
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measured using a Dohrmann DC-80 -total organic carbon analyzer. 

Each sample was filtered (GF/C), centrifuged (16,000 X g, 10 

min) to remove any cell debris, diluted 1:4 with ultra pure 

water, acidified below pH 2.0, and purged with high purity 

nitrogen to remove inorganic carbon. Samples were stored at 

4°C and analyzed within 8 hours of harvesting. 

7.3.3.2 Aqueous Phase PCP. PCP was measured using high 

performance liquid chromatography (HPLC, Beckman) equipped 

with a C-18 reverse phase column (4.6 x 250 rom, Econosphere C-

18 (5~m)(Alltech ASSOC.). PCP was eluted with a 75:25:0.125 

mixture of acetonitri1e:water:acetic acid (Mileski et al., 

1988). PCP elution was monitored at 238 nm and concentration 

determined by comparing resulting peak area counts to a 

standard calibration curve. 

7.3.3.3 Aqueous phase halogen. Halogen measurements were 

made using a Dohrmann DX-20 organic halide analyzer. Total 

halogen (TX) was quantified by pyrolysis/combustion of 

centrifuged samples. Total inorganic halide (IX), was 

determined by direct injection of centrifuged samples into the 

titration cell of the analyzer. Total organic halide (TOX) 

was calculated as the difference between TX and IX. 
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7.3.4 Experiments 

7.3.4.1 Reactors. Rotating tube reactors were constructed 

from 200 rom x 25 rom culture tubes sealed with hollow screw 

caps equipped with teflon-lined septa. In order to provide 

the fungi with a surface to attach to, a 152 rom x 80 rom piece 

of metal door screen (18 mesh) was placed inside the tube and 

pressed against the inside wall. This provided 121.6 cm2 of 

growing surface per tube. The tubes were placed on tissue 

culture rotators (Cole-Parmer Roto-torque) set in a horizontal 

position. The rotators were placed in incubator at the 

appropriate temperatures (P. chrysosporium, 39°Ci I. 

dryophilus, 30°C; T. versicolor, 27°C), and rotational speed 

was set at approximately 2 rpm. 

7.3.4.2 Degradation of 10 mg-PCP/L by nitrogen-sufficient 

cultures of white rot fungi. Nine ml of modified nitrogen

sufficient media was autoclaved in 15 reactor tubes for each 

of the three species. The contents from 3 flask cultures 

growing in the same media for 5 days were homogenized with a 

Waring blender. One ml of the homogenate was aseptically 

transferred to each of the fifteen tubes. The reactor tubes 

were then incubated on tissue culture rotators for 5 days 

un.der atmospheric air. After five days, the atmosphere in the 

tubes was flushed with pure O2 , and the fungi incubated for 

another 5 days. After this initial 10 days of incubation, the 
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culture fluid was withdrawn through the septum and replaced 

with 20 ml of fresh nitrogen-sufficient media. The 

atmospheres in all flasks were flushed with pure O2 every 3 

days. After 5 days, PCP \-las added to 8 tubes at 10 mg-PCP /L. 

Samples were withdrawn on days 0, 1, 2, and 8, and analyzed 

for residual PCP, total halogen, inorganic halide, and 

residual DOC. 

7.3.4.3 Effects of nutrient nitrogen concentration on 

degradation of 10 mg-PCP/L by white rot fungi. The second 

experiment was done to determine the effects of nutrient 

nitrogen conditions on PCP degradation, PCP disappearance and 

dehalogenation, by cultures growing in fixed film reactors. 

After sampling in the previous experiment was completed, the 

liquid was withdrawn from the tubes and replaced with 20 ml of 

fresh nitrogen-sufficient media. The tubes were continuously 

rotated for 15 days with the media and atmosphere (02 ) being 

changed every 3 days. DOC analysis verified the viability of 

all tubes. After this rejuvenation of the cultures, 20 ml of 

fresh nitrogen-sufficient media was added to 8 tubes and 

nitrogen-deficient media was added to the other 7 tubes for 

each species. After 5 days, 10 mg-PCP/L was added to 5 tubes 

of each nitrogen condition. Flushing the headspace with pure 

O2 was done every 3 days. Periodic samples were taken from 
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each tube and analyzed for residual PCP, total halogen, 

inorganic halide, and residual DOC. 

7.3.4.4 Degradation of 20 mg-PCP/L by nitrogen-deficient 

cultures of white rot fungi. The purpose for conducting this 

experiment was to examine how the fungal biofilms would react 

to a second higher PCP concentration. After .the completion of 

sampling in experiment 2, the cultures were again rejuvenated 

in the same way between experiments 1 and 2. After 5 

successive media exchanges, 20 ml of nitrogen-deficient Vogel 

media was added to each tube. The tubes were incubated for 5 

days, flushing the headspace with pure O2 every 3rd day. 

After 5 days, PCP was added at 20 mg-PCP/L. Periodic samples 

were withdrawn over 26 days and analyzed for residual PCP, 

total halogen, inorganic halide, and residual DOC. 

7.4 Results 

7.4.1 Degradation of 10 mg-PCP/L by nitrogen-sufficient 

cultures of white rot fungi. In the first experiment, all 

three species rapidly removed PCP from solution, significantly 

reduced the aqu30us total halogen concentrations, and showed 

substantial dehalogenation (Figures 5.1 through 5.3). 

P. chrysosporium reduced the PCP concentration to below 

detectable limits (0.1 mg-PCP/L) within 24 hours (Figure 5.1). 

PCP disappearance was accompanied by a 2.1 mg/L increase in 
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chloride ion concentration. Total organic halogen decreased 

by 92% (6.1 mg/L) in 2 days with 62% (4.1 mg/L) being 

associated with the mycelium. By the eighth day, the halogen 

balance showed 8% (0.5 mg-Cl/L) of the original PCP chlorine 

was associated with organic material, 55% (3.6 mg-Cl/L) was 

associated with the mycelium, and 38% (2.2 mg-Cl/L) was 

removed from the PCP molecule as chloride ion. 

I. dryophilus lowered PCP to below detectable limits in 

2 days (Figure 5. 2). Total organic halogen was reduced by 67% 

(4.4 mg/L) in the first day, with 23% (1.5 mg/L) of this being 

bound to mycelium. By day 8, mycelial bound chlorine 

increased to 52%, organic chlorine reduced to 27%, and 

chloride ion accounted for 21% of the chlorine from PCP. 

T. versicolor decreased PCP to below the detectable limit 

in 1 day (Figure 5.3). PCP disappearance correlated with 75% 

dehalogenation, reflected by the 4.9 mg/L increase in chloride 

ion concentration. The remaining chlorine was divided among 

organic and mycelial bound fractions. Eight days after PCP 

addition, 62% of the PCP chlorine were present in the liquid 

as chloride ion, 5% was organically bound, and 33% was 

associated with the mycelium. 

7.4.2 Effects of nutrient nitrogen concentration on 

degradation of 10 mg-PCP/L by white rot fungi. The second 

experiment examined differences in PCP degradation between 
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nitrogen-sufficient and nitrogen-deficient cultures of these 

fungi. In general, cuI tures in this experiment rapidly 

reduced the aqueous PCP concentration, readily reduced the 

aqueous organic fraction of the chlorine, dehalogenated less 

chlorine than the first experiment, and most of the chlorine 

was unaccounted for and assumed associated with the mycelium 

(Figures 5.4 through 5.9). 

Nitrogen-sufficient cultures of P. chrysosporium reduced 

PCP below detectable limits (0.1 mg-PCP/L) in 2 days (Figure 

5.4) . This was accompanied by a 90% reduction in aqueous 

organic chlorine and 10% dehalogenation. The chlorine removed 

from solution that was associated with the mycelium after 2 

days (83%) was essentially constant through day 20. After 20 

days, 10% of the original chlorine was present as aqueous 

chloride ion, and 4% was organically bound in the liquid 

phase. 

P. chrysosporium lowered PCP to below 0.1 mg-PCP/L in 1 

day when grown in nitrogen-deficient media (Figure 5.5). 

Aqueous organic chlorine decreased 90% in the first day with 

over 85% of the decrease associated with the mycelium. 

Approximately 12% of the chlorine was present as chloride ion. 

After 20 days, no organic chlorine remained in the aqueous 

phase, 77% of the PCP chlorine was associated with mycelium, 

and 23% were present in the liquid as chloride ion. 



189 

7 PCP 
chlorine 

)IE 
6 a-gan i c 

chlorine 

--0-
5 Inorganic 

-l chloride 
"-

--0-01 
E 

4 Myce I i a I 

c chlorine 
0 

--A--.-
+-' 
(Q 

L 
3 +-' 

C 
(l) 
U 
C 
0 
u 

2 

Time after PCP addition, days 

Figure 7.4. Chlorine balance for P. chrysosporium growing in 
nitrogen-sufficient media in rotating tube reactors. (data 
point values are averages of triplicates) 



190 

7 PCP 
chlorine 

)Ie 
6 Organic 

chlorine 

--€}-

5 I norgan I c 

..J chloride 
"-

~ --tll-
4 Myce I i a I 

c ch lor i ne 
0 

---A-.-
+-' 
I1J 
L 

3 +-' 
C 
Qj 
U 
C 
0 
u 

2 

o 5 10 15 20 25 

Time after PCP addition, days 

Figure 7.5. Chlorine balance for P. chrysosporium growing on 
nitrogen-deficient media in rotating tube reactors. (data 
point values are averages of triplicates) 



191 

Nitrogen-sufficient cultures of I. dryophilus removed PCP 

from solution within 1 day (Figure 5.6). These cultures 

released 30% of the chlorine into the liquid as chloride ion, 

wi thin 2 days. Further incubation resulted in increased 

mycelial bound chlorine, and reduced chloride ion 

concentration. By day 8, approximately 4% of the chlorine was 

present in the li~lid as chloride ion and the remainder was 

associated with mycelia. 

Aqueous PCP concentration was below detectable limits in 

2 days after being added to nitrogen-deficient cultures of I. 

dryophilus (Figure 5.7). In the first day, these cultures 

dehalogenated 33% of the PCP and reduced the aqueous organic 

chlorine concentration by 88%. The chlorine balance on day 20 

found no aqueous organic chlorine, 14% of the chlorine was 

present as chloride ion, and 86% was associated with mycelium. 

T. versicolor reduced liquid phase concentrations of both 

PCP and organic chlorine, to below detectable limits in 1 day 

when growing on nitrogen-sufficient media (Figure 5.8). 

Seventy two percent of the chlorine were associated with the 

mycelium while the remaining 28% was released into solution as 

chloride ion. Dehalogenation continued, reaching a maximum 

aqueous chloride ion concentration of 4.2 mg-Cl-/L (64%) on 

day 10. Figure 5.8 reveals no organic chlorine in solution on 

day 20, 64% of the PCP chlorine were associated with mycelium, 

and 36% were present as inorganic chloride ion. 

." 
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Nitrogen-deficient cultures of T. versicolor also removed 

both PCP and organic chlorine from the liquid in 1 day (Figure 

5.9). Chloride ion concentration reached a maximum of 3.5 mg

CI-/L , 1 day after PCP addition, and settled at approximately 

2.7 mg-CI-/L after the fifth day. The remaining 59% (3.9 mg

CI/L) remained associated with mycelium for the remainder of 

the experiment. 

7.4.3 Degradation of 20 mg-PCP/L by nitrogen-deficient 

cultures of white rot fungi. This experiment was conducted 

to examine PCP degradation by nitrogen-deficient cultures of 

P. chrysosporium, I. dryophilus, and T. versicolor when PCP 

was added at a higher concentration. Each reactor was spiked 

with 20 mg-PCP/L (13.2 mg-CI/L). 

P. chrysosporium did not remove all of the PCP from 

solution even after 26 days (Figure 5.10). Within the first 

day, P. chrysosporium removed 76% and 37% of the PCP and 

organic chlorine from solution, respectively. Sixteen percent 

of the PCP chlorine was released as chloride ion in the first 

day, increasing to 32% by day 26. The chlorine balance shows 

that on day 26, 4% of the chlorine remained as PCP, 6% was 

organic chlorine, 32% of chlorine was present as chloride ion, 

and 58% was associated with mycelium. 

I. dryophilus had established thick mats of mycelium that 

were not completely submerged during tube rotation. Over the 
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first day, PCP and organic chlorine concentrations were 

reduced by 79% and 38%, respectively (Figure 5.11). These 

fractions then increased over the next 11 days before showing 

decreases over the remainder of the experiment. 

Dehalogenation continued over the 26 days. On the twenty

sixth day, the organic (43%) and inorganic (57%) fractions of 

chlorine in the liquid accounted for over 100% of the PCP 

chlorine. 

In the tubes containing T. versicolor, there was a 72% 

reduction in PCP over the 26 day period (Figure 5.12). 

Decreases of 60% and 24% in the aqueous concentrations of PCP 

and organic chlorine occurred in the first day. This 

correlated with approximately 13% of the chlorine being 

dehalogenated and 13% associated with mycelium. On the 

twenty-sixth day, 100% of the organic chlorine was accounted 

for in the PCP fraction, dehalogenation was 71%, and 

approximately 9% of the chlorine was associated with mycelium. 

7.5 Discussion 

The two primary areas of interest in these experiments 

were the fate of chlorine during PCP degradation by white rot 

fungi growing as fixed films, and the differences in 

degradation between nitrogen-sufficient and nitrogen-deficient 

cultures. The first set of experiments verified PCP 

degradation by nitrogen-sufficient cultures showing PCP 
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Figure 7.11. Chlorine balance during PCP degradation by 
nitrogen-deficient cultures of I. dryophilus in rotating tube 
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are averages of triplicates) 
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disappearance and chloride ion appearance in tubes containing 

all three fungi. All of the species reduced 10 mg-PCP/L to 

near or below detectable limits in 1 day. P. chrysosporium 

and T. versicolor reduced the aqueous organic chlorine by 6.1 

and 5.9 mg-Cl/L respectively, while I. dryophilus lowered the 

concentration by 4.4 mg-Cl/L. In cuI tures of P. 

chrysosporium, organic chlorine reduction was due to 

approximately equal levels of dehalogenation and 

uptake/adsorption. T. versicolor rapidly dehalogenated (88%) 

of the chlorine from the fraction of organic chlorine removed. 

PCP degradation by I. dryophilus was similar to P. 

chrysosporium, 

dehalogenation 

with approximately 

and uptake/adsorption 

disappearance of organic chlorine. 

equal amounts 

accounting for 

of 

the 

Chlorine balances developed during PCP degradation showed 

organic chlorine remaining in solution after the removal of 

all PCP. This indicates extracellular modification of PCP 

occurs, removing it from detection by our HPLC method. 

Substitution (methylation), dehalogenation, and ring cleavage 

are three mechanisms which could cause this to happen. In 

Experiment 3, we observed intermediate peaks on our HPLC 

chromatograms (Figure 7.13), suggesting substitution and 

dehalogenation reactions had occurred. 

Ring cleavage would also result in the loss of detection and 

was not ruled out. As degradation continued, organic chlorine 



10.00 
mV 

PCP 

202 

-1.00 '--"""iI""-~fI"""""'-....,...---tI'"""""'-~-=-f--'--"""""'T~ 

o Minutes 

Figure 7.13. HPLC chromatogram showing PCP and intermediate 
peaks derived from nitrogen-deficient cultures of T. 
versicolor growing in rotating tube reactors, 7 days after the 
addition of 20 mg-PCP/L. 
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concentrations decreased and the intermediate peaks 

diminished. We did not attempt to identify any intermediate 

peaks. 

If the goal of water treatment was removal of PCP, 

experiment 1 showed that any of the 3 species would be 

adequate. However, the disappearance of parent compound is 

not adequate when considering releasing effluents into the 

environment. P. chrysosporium and T. versicolor were more 

efficient at removing the organic chlorine fraction, a better 

parameter to select candidate species for PCP treatment. The 

degree of uptake/adsorption to dehalogenation is another 

consideration when selecting the fungus to be employed. 

Chlorine that is associated with mycelium, could be inorganic 

chloride ion or some toxic organic intermediate. Subsequent 

release of any toxic intermediates is a major concern. Taking 

this into account, results in the selection of T. versicolor 

as the fungus of choice. 

The results from the third experiment where PCP was added 

at a higher concentration, also indicate T. versicolor is the 

best choice for PCP degradation. Although there were 

differences in the extent and timing of reactions for each 

species, T. versicolor would still be the fungus selected 

using the above criteria. 

Examining the disappearance of PCP in stationary batch 

culture suggested, but did not verify, that nitrogen-deficient 
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cultures (ligninolytic cultures) degraded PCP more rapidly 

than nitrogen-sufficient cultures. Results from rotating tube 

experiment 2, verified nitrogen-deficient cultures of P. 

chrysosporium did degrade PCP more rapidly than cultures 

sufficient in nitrogen. Data from I. dryophilus and T. 

versicolor did not confirm nitrogen-deficient cultures 

degraded PCP any differently than nitrogen-sufficient 

cultures. Nitrogen concentrations used in experiments to 

obtain nitrogen-deficient cultures, were based on nitrogen 

sufficiency reported in previous research for P. 

chrysosporium. As a result, T. versicolor and I. dryophilus 

may not have been sufficiently nitrogen limited to stimulate 

ligninolytic activity during this experiment. Based on carbon 

utilization, we would conclude this not to be the case (data 

not shown). 

All three species were able to remove most or all of the 

organic chlorine regardless of nitrogen concentration. Using 

the selection criteria discussed above, T. versicolor would 

again be selected as the fungus of choice when considering 

fungi for water treatment. 
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8.0 CONCLUSIONS 

The research discussed in this report has demonstrated 

the ability of several species of white rot fungi to degrade 

pentachlorophenol. Addressing the issues of fungal growth, 

sensitivity to PCP, extracellular enzyme activity, and 

degradation by whole cultures has led to the following 

conclusions. 

Growth of white rot fungi is affected by several 

environmental parameters which must be taken into account 

when selecting the species to be used in a treatment 

application. These parameters include temperature, pH, 

ionic strength, and carbon source. 

PCP is toxic to white rot fungi. Experiments have 

determined the need to monitor PCP loadings on a mass of 

PCP/mass of mycelium basis in order to avoid killing the 

fungus. PCP killed all 18 species tested, when a 5 mm 

plug of actively growing mycelium was added to culture 

tubes containing 5 mg-PCP/L. Adding 40 mg-PCP/L to 

cultures containing sufficient biomass , resulted in lower 

mass of PCP to mass of biomass ratios which inhibited 

growth but did not kill the fungi. 
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- White rot fungi are more tolerant to PCP when grown as 

mycelial mats on solid surfaces. Solid-phase cultures of 

17 species of white rot fungi were able to make metabolic 

adjustments and grow when PCP concentrations were as high 

as 80 mg/L. 

PCP tolerance is species dependent. The metabolic 

activity of white rot fungi growing in liquid culture was 

inhibited by PCP dosages as low as 10 ~g-PCP/mg-mycelium. 

Fungi that developed aerial mycelium were able to 

withstand higher PCP dosages. 

- Although P. chrysosporium is the most commonly studied 

fungus for degrading organo-pollutants, the sensitivity 

of this species to PCP suggests other species that have 

higher tolerance to PCP, such as I. dryophilus and T. 

versicolor, should be examined for use in hazardous waste 

treatment. 

- Secretion of extracellular enzymes that degrade PCP is 

common among white rot fungi and occurs in both nitrogen

sufficient and -deficient cultures. Limiting nitrogen 

availability in cultures of P. chrysosporium resulted in 

increased PCP removal and dehalogenation suggesting a 
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contribution in PCP degradation by the ligninolytic 

enzyme system. 

Degradation of PCP proceeds further in whole cultures 

than by the extracellular enzymes alone. Increases in 

inorganic chloride ion concentrations over time after the 

disappearance of PCP from the fluid, indicate subsequent 

dehalogenation reactions occur. 

Appearance of chloride ion in solution after organic 

chlorine has been removed, suggests that some 

dehalogenation occurs inside the fungal cells. 

White rot fungi can remove and subsequently degrade 

PCP from solution when growing as fixed films in rotating 

reactors. This was verified by parent compound 

disappearance and chloride ion appearance over time. 

PCP is probably modified both intra- and extra

cellularly during degradation. This is suggested by the 

organic chlorine remaining in solution after the complete 

disappearance of PCP and dehalogenation in mycelium-free 

culture broth. 
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Nitrogen-deficient cultures of P. chrysosporium can 

degrade PCP more rapidly than cultures sufficient in 

ni~rogen. This was verified by the enhanced 

dehalogenation seen in nitrogen-deficient cultures in 

rotating tube reactors. 

Disappearance of the parent compound (PCP) does not 

measure the complete detoxification of the compound. 

TCHD, a toxic intermediate, is formed when PCP is 

incubated with extracellular enzymes (Mileski et al., 

1988). Although TCHD was not found in whole cultures, 

chlorinated organic compounds were present in solution. 

Identification of these intermediates is necessary when 

degrading PCP with white rot fungi. 

When considering organic chlorine removal and 

dehalogenation as the selection criteria, T. versicolor 

is consistently the species of choice for use in water 

treatment. 
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9 • 0 RECOMMENDATIONS FOR FUTURE WORK 

The ability of white rot fungi to degrade chlorinated 

aromatic compounds has only been realized since the mid 1980s. 

Since then, a significant amount of research has been 

conducted on the degradation of numerous compounds. While the 

potential for using white rot fungi exists, research needs to 

continue to address various aspects of using these fungi in 

the field. Considerations that need to be addressed include 

the following. 

1. Further research needs to be done to identify and 

characterize the extracellular enzymes that degrade PCP. 

Previous research has detailed the production of numerous 

isoenzymes with lignin degrading activity. The research 

reported here, has shown several PCP modifying reactions 

occur in extracellular fluid from cultures grown for 

varying times. Determining which enzymes are present at 

specific cultural conditions, and delineating the 

specific degradation products formed by those enzymes 

needs to be investigated. This would allow the 

production of target enzymes for formation of specific 

intermediates that can be more readily degraded or avoid 

possible accumulation of toxic by-products. 
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2. White rot fungi are natural inhabitants of decaying plant 

material and do not live in aqueous environments. 

Research needs to continue examining alternative reactor 

configurations for utilizing these fungi while optimizing 

their performance. Employing fungi in conventional 

wastewater treatment reactor types has not proven 

practical or efficient. Incorporating characteristics 

from their natural habitat into reactor design and 

modification needs to be investigated. This could 

enhance the performance of these organisms allowing field 

scale applications to proceed. 

3. Research needs to address the ability of white rot fungi 

to continuously degrade wastes in flow through reactors. 

Most research to date has been done in batch culture 

where the fungi complete the growth cycle, from lag phase 

through death. Attempts should be made at trying to keep 

the fungus at a steady state condition where either 

enzyme production or degradation performance are 

maximized. 

4. The final topic needing additional research is the 

competitiveness of white rot fungi in non-sterile 

environments. These organism work well when grown in 

pure culture without having to compete with other 
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organisms for nutrients or tolerate toxic byproducts 

produced by other microorganisms. In field applications, 

sterility is not practical and fungi being used will have 

to compete with other organisms that are present. 

Experiments in this area need to address the exploitation 

of growth characteristics of the fungus, which could give 

it a competitive advantage. 
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Modified Vogel Media 

Volume: 1 liter 

Na3 citrate·2H20 .•...........•........... 2.5 gram 

KH2P04 • anhydrous ......................... 5.0 gram 

NH4N03 • anhydrous 

nitrogen-sufficient ................ 2.0 gram 

nitrogen-deficient ................. 178 mg 

MgS04 • 7H20 ...•.••••..•.•..•.... " •...••••• 0.2 gram 

CaCOJ •••••••••••••••••••••••••••••••••••• 68 . 8 mg 

Thiamine ... 0 •••••••••••••••••••••••••••• 1 . 0 mg 

Trace mineral solution .................. 0.1 ml 

Based on: Vogel,H.J., :Distribution of Lysine Pathways Among 

Fungi: Evolutionary Implications," The American Naturalist, 

vol. XCIII, no. 903, Nov-Dec, 1964, pp. 435-46. 
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Trace ~tineral Solution 

Distilled water ......................... 95 ml 

Ci tric acid- 1H20 .•••..••••••••••••••...•• 5.0 gram 

ZnS04 • 7H20 ............................... 5.0 gram 

Fe(NH4h(S04h- 6H20 •••.•••••.•••••.••••.•• 1.0 gram 

CuS04 - SH20 .•.•...•••.•...••...••••..•••.. 250 mg 

MnS04 • IH20 ............................... 50 mg 

H3B03 - anhydrous ..•....................... 50 mg 

Na2Mo04 • 2H20 ..•.......••••........•••.... 50 mg 

Chloroform .............................. 1 ml 

Based on: Vogel,H.J., :Distribution of Lysine Pathways Among 

Fungi: Evolutionary Implications," The American Naturalist, 

vol. XCIII, no. 903, Nov-Dec, 1964, pp. 435-46. 
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