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ABSTRACT 
 

Growing interest has been shown in the continuous production of high-value products such as extracellular secondary 

metabolites used in the biotechnology, bioremediation and pharmaceutical industries. These high-value extracellular 

secondary metabolites are mostly produced in submerged fermentations. However, the use of continuous membrane 

bioreactors was determined to be highly productive. A novel membrane bioreactor, classified as a membrane gradostat 

reactor (MGR) was developed to immobilize biofilms to produce extracellular secondary metabolites continuously using an 

externally unskinned and internally skinned membrane. Anaerobic zones were identified in the MGR system when air was 

used for aeration. To improve the MGR system, limitations related to the performance of the bioreactor were determined 

using P. chrysosporium. A DO penetration depth of ^450 mm was identified after 264 h, with the anaerobic zone thickness 

reaching ,1,943 mm in the immobilised biofilms. The penetration ratio, decreased from 0.42 after 72 h to 0.14 after 264 

h. This led to the production of ethanol in the range of 10 to 56 mg/L in the MCMGR and 7 to 54 mg/L in SCMGR systems. 

This was attributed to an increase in b-glucan within immobilised biofilms when an oxygen enriched aeration source was 

used. Increasing lipid peroxidation and trace element accumulation was observed with the use of an oxygen enriched 

aeration source. 
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ABBREVIATIONS 

DCP Dichlorophenol 

DO Dissolved oxygen 

ECS Extra capillary space 

LiP Lignin peroxidase 

MCMGR Multicapillary membrane gradostat bioreactor 

MDA Malondialdehyde 

MGR Membrane gradostat bioreactor 

MnP Manganese peroxidase 

SCMGR Single capillary membrane gradostat bioreactor 

P. chrysosporium 

Phanerochaete chrysosporium 

ROS Reactive oxygen species 

INTRODUCTION 

A white-rot fungus, Phanerochaete chrysosporium was 

identified as having the potential to degrade various 

compounds found in industrial effluents. It produces 

extracellular enzymes, manganese peroxidase (MnP) and 

lignin peroxidase (LiP), that can degrade aromatic 

compounds and remove colour compounds from effluents. 

In recent publications, the fungus was used: 1) as a 

biosorbant for removing 2,4 dichlorophenol (2,4-DCP;  

Wu & Yu 2007); 2) to degrade azo dye in-vitro using its 

extracellular enzymes (Yu et al. 2006);  and  3)  to  

degrade a middle fraction diesel fuel residue (Kaunly & 

Hur 2006). 
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As a possible solution to produce LiP and MnP 

continuously, various researchers have shown that it is 

possible to immobilise biofilms of P. chrysosporium on 

capillary membrane surfaces. In membrane bioreactors, a 

section of the biofilm is maintained in the idiophase for 

continuous enzyme production (Venkatadri & Irvine 1993; 

Leukes et al. 1999; Govender et al. 2003; Sheldon & Small 

2005). When a fixed-film is immobilised on the external 

surface of a membrane and nutrients are supplied through 

the lumen of the membrane, nutritional gradients form 

within the biofilm. When air or oxygen is in direct contact 

with the external surface of the biofilm, radial dissolved 

oxygen (DO) diffusion occurs across the immobilised 

biofilm structure towards the membrane. This forms a bi-

directional and radial flow of essential nutrients thus 

forming a gradostat as explained by Lovitt & Wimpenny 

(1981a,b). 

The biomass closest to the membrane has access to high 

nutrient concentrations, supporting primary growth,  while 

the biomass furthest away from the membrane surface is 

starved of nutrients, thus undergoing secondary metab-  

olism. This was formulated into a solution for  the  

continuous production of  enzymes  and  the  bioreactors  

were classified as membrane gradostat reactors (MGR’s; 

Leukes 1999). 

The MGR mimics the natural environment of microbial 

cultures in their natural habitat, when compared to 

submerged batch cultures. P. chrysosporium has been 

studied extensively, as well as the shortcomings related to 

enzyme productivity in batch culture systems. However, 

limited research has been conducted using continuous 

fixed-film reactor systems, such as the MGR systems 

described in this study. 

It was shown by Michel et al. (1992) that biofilms of 
 

P.  chrysosporium  have  poor  DO  transport capabilities. 

P. chrysosporium was shown to produce ethanol from 

glucose when grown with limited DO (Kenealy & Dietrich 

2004). In preliminary MGR studies, DO profiles using a 

Clark oxygen microsensor, showed that biofilms closer to 

the capillary membranes had limited oxygen (Ntwampe    

et al. 2008), in an area having a high glucose concentration, 

conditions which favour ethanol production. However, the 

profiling of ethanol production under such conditions was 

not previously determined. P. chrysosporium enzymes were 

observed to be deactivated by alcohols (mainly ethanol) and 

LiP was more sensitive to ethanol than MnP, as it generally 

increased the rate of deactivation (Field et al. 1996). 

Leisola   et   al.   (1982)   suggested   that   DO transport 
 

limitations in P. chrysosporium biofilms could be caused 

by excess exopolysaccharides production, identified as 

mucilaginous material made of b-glucans (Buchala & 

Leisola 1987), due to the availability of excess glucose in 

cultures. The fungi produce the polysaccharide as a storage 

carbohydrate, in order to have available nutritional 

reserves, which can be used under limited nutrient 

conditions (Bes et al. 1987). The use of technical grade 

oxygen  ) in P. chrysosporium biofilms, improves 

extracellular enzyme production only for limited periods. 

This method was ineffective as the DO penetration depth 

was less than 1,000 mm in mycelial pellets of the fungus even 

2  at 1 atm  

(Leisola et al. 1983). This shows that polysaccharide 

production limits DO transport in immobilised biofilms of 

P. chrysos- porium.  DO  penetration  in   P. 

chrysosporium pellets equilibrated in an air saturated 

culture fluid was ,400 mm (Michel et al. 1992). The 

growth of P. chrysosporium was determined to be better 

in air but it was also determi

(Kirk & Fenn 1982). High partial oxygen pressures in cell 

culture medium can lead to hyperoxia and lipid 

peroxidation due to the increased generation of free 

radicals (Li et al. 2004). The peroxidation of lipids in fixed- 

film bioreactors, where the biofilm is directly exposed to the 

aeration source and under lower oxygen  partial pressures 

(,50 ) was not quantified before. 

Cultures of P. chrysosporium BKMF-1767 require trace 

amounts of essential trace metals such as Cu, Mn and Fe for 

its growth (Kirk et al. 1978), but these metals are toxic when 

present in excess amounts. The fungus has the capacity to 

adsorb and accumulate metal ions including Cd, Pb, Ni, and 

Co (Falih 1997; Baldrian 2003). In earlier studies, the ionic 

strength of the basal media used by Tien & Kirk (1988) was 

increased 100-fold from that used by Kirk et al. (1978). 

However, by varying the ionic strength of the basal media 

from 10 to 100-fold did not affect the onset, rate or extent of 

lignin decomposition (Kirk et al. 1978). High ionic strength 

for basal media can result in the accumulation of metals in 

continuous fixed-film systems, and some of the complexes 
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of Cu and Fe enhanced oxygen radical damage (Baldrian 

2003). Metal accumulation can also cause oxidative damage 

of proteins by the induction of oxidative stress associated 

with the production of reactive oxygen species (ROS) 

(Stohs & Bagchi 1995). The risk of metal accumulation in 

the MGR supplied with the growth media containing 10 

and 100-fold basal medium in the nutrient solution was 

investigated in this study. While complexes of Cu and Fe 

enhance oxygen radical damage, Mn in various forms does 

inhibit ROS damage (Cheton & Archibald 1988). Concen- 

trations of Mn above 50 mM prevented chemical-supported 

lipid peroxidation measured by the production of mal- 

ondialdehyde (MDA) (Tampo & Yonaha 1992). 

The objectives for this study were to monitor ethanol 

production to evaluate the fermentative state of the 

immobilised biofilms due to limited DO transport during 

the MGR operation while monitoring the entrapment of 

glucans in the biofilms. The formation of MDA in biofilms 

was quantified to evaluate oxidative damage in the biofilms 

using air and an oxygen enriched aeration gas supplied in 

the extracapillary space of the bioreactor. The accumulation 

of Cu and Mn in biofilms was evaluated with the variation 

of basal medium composition in the nutrient medium. This 

was done to determine metal accumulation during pro- 

longed bioreactor operation. As the MGR is currently under 

development as a possible replacement for batch bio- 

reactors and as an alternative reactor for the continuous 

production of high-value extracellular secondary metab- 

olites, limitations identified thus far, have to be addressed in 

order to implement its use in the biotechnology, wastewater 

and pharmaceutical industries. 

(,39 mg/L NHþ). The volume of the basal medium 

component of the nutrient medium was varied from 10 to 

100-fold using 10 ml and 100 ml of the solution during the 

preparation of the nutrient medium. 

 
 

Polysulphone membranes used 
 

The externally unskinned polysulphone membranes pro- 

vided a unique substructure matrix within which a fungus of 

a filamentous nature could be immobilised. The substruc- 

ture contained closely packed narrow-bore microvoids that 

extend all the way from just below the skin layer to the 

membrane periphery. The polysulphone membranes used in 

this study were manufactured by the Institute of Polymer 

Science (Stellenbosch University, R.S.A.), by using a wet- 

phase inversion process according to the fabrication 

protocol of Jacobs & Leukes (1996). SEM photographs    

of the polysulphone used in this study are as shown in 

Figure 1(A),(B). 

An important feature of the polysulphone membrane is 

the regularity of the microvoids present in the substructure 

and the complete absence of an external layer, which allows 

the microvoids to be inoculated with fungal spores by 

reverse filtration. These membranes were found to be well 

suited for fungal immobilisation (Ryan et al. 1998). 

 

Bioreactor setup and operation 

 
Bioreactor sterilisation 

 

All the materials (tubing, bioreactor and flasks) were 

autoclaved for 20 minutes before use. Sterile deionised 

water  was  used  in  the  humidifiers  and  in  the  nutrient 

 
 

MATERIALS AND METHODS 
 

Microorganism  and  nutrient medium 
 

P. chrysosporium strain BKMF-1767 (ATCC 24725) bio- 

films were grown at 398C in single and multi-capillary 

MGR’s using a spore inoculum prepared according to the 

method described in Tien & Kirk (1988). The nutrient 

medium used was the standard medium for P. chrysospor- 

ium as previously described by Tien & Kirk (1988). The 

nutrient medium classified as nitrogen-limited, contained 

10 g/L   of   glucose   and   200 mg/L   ammonium tartrate 

 

 

 

 

 

 

 

 

 

Figure 1 | (A) SEM of a longitudinal section of the polysulphone membrane. (B) The 

external surface of the polysulphone membrane showing cavities in which 

conidia or mycelia can be immobilised. The polysulphone membrane outer 

diameter is ,1.7 – 1.9 mm. 
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Figure 2 | Schematic illustration of a single capillary membrane gradostat reactor (SCMGR) set-up.  AF1/AF2: air  filter;  AP:  air  pump;  CV:  control  valve;  H:  humidifier;  NF: nutrient  

flask; NP: nutrient pump; PF: permeate flask (collection/sampling point); PM: polysulphone membrane; TM: Teflon mould; GC: gas controller. A similar bioreactor set-up 

was used for multicapillary membrane gradostat reactor (MCMGR). 

 

medium make-up. After assembling the MGR modules, the 

bioreactors were further chemically sterilised using a  4  

(v/v) formaldehyde solution and were rinsed with sterile 

distilled water before inoculation. 

 

Preparation of spore solution and   immobilisation 
 

An estimated 3 £ 106 spores per single capillary MGR 

(SCMGR) and 45 £ 106 spores per multi-capillary MGR 

(MCMGR) were used by measuring the spore concen- 

tration  using  a  spectrophotometer  at  650 nm,  where  

the absorbency of 1 is  equivalent  to  5  million  spores 

per ml (Tien & Kirk 1988). The fungal spores were 

inoculated through the permeate port and were  forced 

onto the membrane using reverse filtration as explained in 

Govender et al. (2004). 

 
SCMGR and MCMGR design and operation 

 

Multiple, vertically orientated SCMGR systems with work- 

ing volumes of 20.4 ml each and an active membrane length 

These bioreactors were positioned vertically, as shown in 

Figure 2. The SCMGR and MCMGR systems were devel- 

oped with dimensions as indicated in Table 1. 

Three SCMGR systems were disconnected at time 

intervals of 120, 168, 216 and 264 h, in order to determine 

 

Table 1  | Dimensions of vertically orientated SCMGR and MCMGR  systems 

 
 

 
Parameter 

Details 

SCMGR 

 

 
MCMGR 

Module housing Glass PVC 

Module length 230 mm 220 mm 

Module diameter 12 mm 60 mm 

Active internal volume ,20.4 ml ,622 ml 

Nutrient capsule length – 67 mm 

Nutrient capsule volume – ,189.4 ml 

Active membrane length 160 mm 210 mm 

Number of membranes 1 15 

Pitch – Triangular pitch 

Membrane spacing – 6 mm 

Membrane surface 985 mm2
 ,18,800 mm2

 

area   –  Polysulphone 
of 160 mm were used to cultivate P. chrysosporium biofilms.    
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different biofilm associated parameters, such as DO 

distribution penetration, biofilm thickness, oxidative stress 

and metal accumulation over time. Permeate samples were 

also collected daily from different bioreactor systems for 

analysis of ethanol production in SCMGRs and MCMGRs. 

The MCMGR systems were designed entirely to monitor 

ethanol production in a larger system using air in the ECS.. 

The shell and nutrient capsules in the MCMGR encased the 

membrane cartridge. The nutrient medium was supplied 

from the bottom capsule throughout the membrane to the 

top capsule. Air was supplied directly into the ECS and 

exited at the permeate port at the bottom. An assembled 

MCMGR system is shown in Figure 3. 

In SCMGR systems, the nutrient medium was pumped 

at a rate of 1.67 ml/hr through the lumen of the poly- 

sulphone membrane by using a multi-channel Watson- 

Marlow 505S pump (Germany), to each reactor from 

individual nutrient flasks. In MCMGR systems, the nutrient 

pumping rate was adjusted to 12.5 ml/hr. All experiments 

were run in dead-end filtration mode. A combination of air 

and oxygen (,  air-O2  v/v), was supplied to  

SCMGR systems at a rate of 100 ml/min to study 

oxidative damage, while  others  were  supplied  with  air 

at a flow rate of 100 ml/min. Multi-port air pumps with 

flow control and an oxygen gas controller were used, to 

ensure that the flow was consistent through all the 

bioreactor modules. The airflow 

 

 
 

 
 

Figure 3  | (A) Schematic diagram and (B) a photograph of the complete MCMGR assembly operated in a vertical position. 
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rate was adjusted to 622 ml/min for the MCMGR system. 

The air and oxygen supplied to the bioreactor systems was 

filter-sterilised (using a 0.22mm, acetate, non-pyrogenic 

filter). The air and oxygen was humidified before passing  

it through the ECS of the bioreactors. 

 

 

 
ANALYTICAL METHODS 

 
Determination of DO penetration depth and biofilm 

thickness 

The SCMGR systems were dismantled by removing the 

glass manifold and exposing the membrane attached biofilm 

for easy microsensor measurement. The bioreactors were 

disconnected in triplicate at time intervals of 72, 120, 168, 

216 and 264 h. A Clark-type oxygen microsensor (OX 10, 

outer-tip diameter less than 20 mm) supplied by Unisense 

(Denmark) was used to measure the DO across the biofilms 

at interval depths of 10 mm. The setup consisted of a high 

sensitivity picoammeter connected to the microsensor, 

which was fixed to a micromanipulator that was used to 

move the microsensor into the biofilm. The picoammeter 

was connected to a computer loaded with Profix v1.0 

software for data capturing. The microsensors were used to 

measure the DO concentration in triplicate in the immobi- 

lised biofilms. Even though biofilms in the SCMGRs were 

of a similar thickness across the active membrane length, an 

area closer to the bottom of the bioreactor where sporula- 

tion was not evident (,2 cm above the Teflon mould), was 

chosen as suitable for measurement of the DO profiles. 

Biofilm thicknesses were determined at this point of 

measurement. The biofilm thickness was determined by 

using a Carl Zeiss light-microscope and Axiovision digital 

imaging system equipped with measuring software. The 

objective used for the measurements was a 2.5 £ 

magnification objective. The calibrated microscope objec- 

tives acquired real-size measurements from biofilms 

attached to the polysulphone membrane surface. The 

biofilm thickness was calculated by subtracting the clean 

membranes outer diameter from the membranes with 

biofilm growth. The value obtained was averaged to obtain 

actual biofilm thickness. 

Preservation of biofilms from further oxidation 
 

After DO measurements, a section of the biofilm was 

surgically separated and rinsed in a 5 mM butylated 

hydroxyl toluene (BHT) solution supplemented with a 20 

mM hydroxymethyl amino methane– hydrochloride (Tris-

HCl), before storing at 2808C in the Tris-HCl solution. 

This was done to prevent new lipid peroxidation during 

biofilm storage. This solution was also used in the 

homogenisation and biomass lysis process for MDA and 

glucan determinations. The biofilm lysis process was 

performed using glass beads in a centrifuge at 10,000 £ g. 

 
 

Accumulation of trace elements in biofilms 

P. chrysosporium mycelia was separated from the mem- 

brane, washed with sterile deionised water and dried at 

308C. Dried fungal biomass of 0.014 to 0.117 g was weighed 

into digestion vessels and decomposed in a mixture of 4 ml 

3 2O2 

solution (Č  urdova  ́ et al. 2004). The digestion was 

accomplished using  the  following  microwave  program: 

7 minutes  at 120 W, 2 minutes at 460 W and at 700 W  

for  1  minute. The  samples  were  cooled  for  1 hr  and 

the digests were filtered using glass wool and a 0.22 mm 

filter. The volume was made up to 30 ml with deionised 

water. The digests were analysed at the University of 

Stellenbosch (R.S.A). Blank samples contained only 

solutions of  HNO3  and H2O2. An ICP-MS was used for 

the determination of metal ions in the digested filtrate. 

 

 
Ethanol production 

 

The ethanol concentration was determined by using a 

Rochew (Germany) ethanol test kit. The overall ethanol 

concentration produced was determined daily by determin- 

ing ethanol in the permeate samples for each SCMGR and 

MCMGR systems over a period of 264 h. The ethanol 

production was measured at different stages of biofilm 

development, with and without the use of a high concen- 

tration of oxygen (,  v/v air and oxygen) on the 

ECS. As ethanol can also be produced by contaminants, 

mostly yeast, an examination of contaminants in the 

permeate samples was monitored by microscopic 

observation. 
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Measurement of oxidative damage (MDA  formation) 

 

Lipid peroxidation is a well established mechanism of 

cellular injury. Lipid peroxidation intermediates and end- 

products, derived from polyunsaturated fatty acids, are 

unstable and decompose to form a complex series of 

compounds including malondialdehyde (MDA). The for- 

mation of MDA was determined with a MDA assay kit 

(Northwest Life Sciences Specialties, Vancouver, WA) 

following the manufacturers directions. Biofilms were 

homogenised with glass beads in 2 ml Eppendorf tubes 

using a vortex mixer. The biofilm homogenates were 

centrifuged at 10,000 £ g for 10 min to obtain a clear 

supernatant before being used in the assay. The MDA in 

homogenates was determined by following the assay 

protocol by absorption at 532 nm. 

 

 
 

Glucan determination 
 

Glucan concentration in homogenates was measured using 

a mixed-linkage b-Glucan assay kit purchased from 

Megazyme (Ireland). The supernatant used for MDA 

determination was also used for glucan  determination.  

The   concentration   of   bglucans   in   homogenates  was 

determined by following the assay protocol by absorption 

at 510 nm using 100 ml of the supernatant. 

 

 

 

RESULTS  AND DISCUSSION 
 

DO penetration depth and anaerobic zone  formation 
 

DO limitation was shown to be the main reason for slow, 

incomplete degradation of lignin in non-agitated    cultures 

 (Leisola et al. 1983), while in other studies, the limitation of 

oxygen resulted in the formation of ethanol by P. chrysos- 

porium grown on glucose (Kenealy & Dietrich 2004). Even 

though, it was determined that thinner biofilms are more 

efficient for LiP production (Venkatadri et al. 1992), the 

development of biofilms with sufficient thickness is a 

prerequisite for the fixed-film MGR concept. This is required 

for the establishment of sufficient nutritional gradients to 

maintain parts of the biofilm in the idiophase. However, an 

increase in biofilm thickness in the MGR resulted in the 

formation of anaerobic zones, as seen in Figure 4. 

Anaerobic zones were classified, as areas of the biofilm 

where DO concentration was ,0.001 g/m3 measured using 

a DO electrode. The anaerobic zone thickness  increased 

 

 

  
 

 

 

Figure 4  | A relation between DO penetration ratio, anaerobic zone thickness and biofilm thickness determined in aerated SCMGR systems. 
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with increasing biofilm thickness reaching an average of 

1,943 mm when the average biofilm thickness was 2,352 mm 

after 264 h (see Figure 4). This resulted in a decrease in the 

permeation ratio, which is the ratio between DO pen- 

etration depth and biofilm thickness. Thinner biofilms  

(600 mm, obtained after 72 h bioreactor operation) indicated 

higher DO penetration (540 mm) compared to thicker 

biofilms (Ntwampe et al. 2008). Penetration depth averaging 

400 mm was determined in biofilms after 168 h, which was 

also observed by Michel et al. (1992). This indicated poor 

DO mass transport in the immobilised biofilms in the MGR 

systems. Leisola et al. (1982) suggested that DO limitations 

are caused by excess polysaccharides production, identified 

as mucilaginous material made of b-glucans (Buchala & 

Leisola 1987). 

 

 
 

Ethanol production 
 

Further investigation of the relationship between the 

formation of anaerobic zones in immobilised biofilms and 

ethanol production was made by simply measuring ethanol 

production in permeate samples collected daily in SCMGR 

and MCMGR systems. 

Ethanol production in the MGR systems varied during 

the period under investigation. The production of ethanol 

(Figure 5) was high in aerated biofilms in the MCMGR 

systems  and when biofilms  were oxygenated  (,  

v/v 

air:O2)  in  the  SCMGR.  Ethanol  production  was  low in 

cultures grown in aerated SCMGR systems. The ethanol 

concentration ranged between 8 to 56 mg/L in the 

MCMGR; 7 to 53 mg/L for aerated SCMGRs while 8 to 

54 mg/L was observed in oxygenated SCMGR systems. 

High ethanol production was observed during the periods 

of 96 to 192 h, which was observed as a period of 

decelerated P. chrysosporium growth where a minimal 

increase in mycelial thickness in the SCMGR systems was 

observed. During this period, ethanol concentration peaks 

at .50 mg/L in SCMGRs, as shown in Figure 5. Surpris- 

ingly, in oxygenated SCMGR systems, high ethanol pro- 

duction was observed, which was not significantly different 

to that obtained in the MCMGRs. 

 

 

Oxidative damage 

The formation of MDA was higher (14 to 34 mM MDA/ml 

of BHT homogenates) in oxygenated cultures compared to 

aerated systems (4 to 12 mM MDA/ml of biomass extracts). 

This indicates elevated oxidative stress in the biofilms, 

which was concluded to be a limitation that will affect 

biomass performance in SCMGR systems operated for 

extended periods. In a previous study, the amount of DO 

levels in the biofilms decreases during periods of acceler- 

ated growth in aerated cultures and the oxygen uptake rate 

was determined to be high during the period of 1 to 3 days 

in flask cultures (Venkatadri et al. 1992). This was previously 

attributed to an increase in free and mycelial attached 

polysacch  O 

 

 

 
 

 

 

Figure 5 | Trendline representation of ethanol production from immobilised P. 

chrysosporium in SCMGR and a MCMGR due to DO limitations for aerated 

and oxygenated (50% v/v air:O2) bioreactor systems. The arrows   indicate 

periods were biomass development in the MGR was in the deceleration 

phase. 

2 

is used (Dosoretz et al. 1993). Others have concluded that 

the production of glucan is induced as an oxidative stress 

response and a defensive mechanism, i.e. the fungi produces 

extracellular glucan to limit DO diffusion to protect the cell 

from oxidative damage (Miura et al. 2004), leading to the 

formation of anaerobic zones in biofilms thus increasing 

ethanol production. Figure 6 shows accumulative oxidative 

damage between aerated and oxygenated biofilms harvested 

from the SCMGR systems. Cumulative oxidative damage 

gives a better indication of the existence of stress (Belinky 

et al. 2003), as a consequence of stress factors such as the 

presence of ROS, accumulation of metal ions or redox- 

recycling agents (Jamieson 1995). 

Since the ROS are generally highly reactive with lipids, 

modified lipids were determined to be the suitable option to 
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Figure 6 | Malondialdehyde formation in aerated and oxygenated P. chrysosporium in 

SCMGR systems, which was used as a measure of lipid peroxidation in the 

biofilms. 

 

determine the oxidative stress in the biofilms obtained from 

the bioreactors. The results indicated that oxidative stress 

damage occurred in both aerated and oxygenated bio- 

reactors as the biofilms were directly exposed to the 

aeration source. P. chrysosporium produces enzymes, like 

catalase (Kwon & Anderson 2001), for detoxifying excess 

ROS. However, the levels of ROS can increase at a rate 

which is beyond the antioxidant capability of the fungus. 

 

 
Accumulation of trace elements in biofilms 

 

As P. chrysosporium has been shown to accumulate 

considerable amounts of heavy metals from growth media 

(Falih 1997), it appeared that these metals are transported 

into  hyphae when  they  are in high  concentrations,   thus 

inhibiting mycelial growth. Falih (1997) further reported 

in cultures containing 0.4 g/L Mn ions compared to 

cultures without Mn ions in the nutrient medium. As the 

nutrient medium contains Mn and Cu, it was important to 

determine Mn and Cu accumulation  in  the  biofilms 

growing in the MGR system, because high concentrations 

of Mn ions were determined to inhibit LiP production 

(Rothschild  et  al. 1999), while Cu accumulation was 

shown to cause oxidation of proteins (Stohs & Bagchi 

1995). Even though P. chrysosporium was shown to be 

able to survive, grow and adapt  to  elevated  

concentrations  of  Mn  and  Cu,  the ligninolytic system  

of the fungus might be compromised. 

Biofilms cultivated in oxygenated SCMGR systems 

presence compared  to  aerated  systems  supplied  with  

the same concentration of Mn in the nutrient  media,  

while  the average Cu increase was . The biofilms 

solution in the basal medium showed lower presence of 

both Mn and Cu in the biofilm. The MGR biofilms supplied 

with a much lower concentration   of   Mn   and   Cu,  

have  shown  a   higher occurrence  of  Mn  and  Cu 

presence when  compared  to biofilms  grown  at  higher 

Mn  and  Cu  concentrations  in batch cultures as  

indicated in Table 2. 

It was indicated that a high presence of metals in P. 

chrysosporium decreased  the  overall  fungal  growth 

rate,  thus  resulting  in  an  increased  lag  phase (Baldrian 
 

Table 2 | A comparison of metal accumulation in biomass of P. chrysosporium using nutrient media containing different concentrations of Mn and Cu for batch cultures and 

continuous SCMGR cultures 

 
 

 
Metal concentration (mg/ml) in nutrient medium 

Metal accumulation 
 

Cu (mg/g dry biomass) 

 

 
Mn (mg/g dry biomass) 

(Falih 1997)p
   

100mg/ml of Cu/Mn (aerated) 1.0 0.9 

200mg/ml of Cu/Mn (aerated) 2.0 2.1 

†This study   
2.99/13.6mg/ml of Cu/Mn (aerated)‡

 7.1 ̂  1.0k
 27.2 ̂  4.1k

 

2.63/12.0mg/ml of Cu/Mn (aerated§
 3.1 ̂  1.7k

 5.35 ̂  1.5k
 

2.99/13.6mg/ml of Cu/Mn (oxygenated)‡
 11.0 ̂  3.0k

 40.0 ̂  10.1k
 

pBatch cultures. 
†Continuous SCMGR using Tien & Kirk (1988) nutrient media. 
‡100 ml of basal (III) medium in nutrient solution. 
§10 ml of basal (III) medium in nutrient solution. 

  

kAveraged metal concentration in harvested biofilms (120 to 264 h).   
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2003). The production of metal chelators, oxalate, malonate 

etc. (Goodwin et al. 1994; Khindaria et al. 1994; Wesenberg 

et al. 2003), might be ineffective when nutrient media 

containing heavy metals is continuously supplied to a fixed 

biofilm. 

 

 
 

The role of glucan formation on DO restriction and 

metal accumulation 

Glucan was prevalent in homogenised biomass supplied 

with an enriched source of oxygen compared to biofilms 

supplied with air, as shown in Figure 7. This might explain 

the increased ethanol production and Mn/Cu accumulation 

from cultures aerated with an enriched source of oxygen. 

Cultures that contained 10 ml of basal medium in the 

nutrient medium  and  aerated  with  air  had  lower  

glucan concentrations. The presence of high metal concen- 

trations might have exacerbated glucan formation. In 

previous studies,  glucan was produced  to a maximum  of 

0.215 mg/ml after 9 days in batch-submerged cultures (Bes 

et al. 1987) and was high during 144 h to 240 h and 

production started around 4 to 5 days (96 h to 120 h). 

Belinky et al. (2003) determined that ROS levels were 

high during the logarithmic growth phase and decreased 

during the transition to idiophase in aerated and oxyge- 

nated cultures. In SCMGR systems, the idiophase phase 

was determined to be in the period 120 to 168 h (Figure 4). 

During this period, glucan presence in the SCMGR biofilms 

showed to decrease in oxygenated biofilms (Figure 7). 

 
 

CONCLUSION 

Anaerobic zone thickness in air aerated systems increased 

with increasing biofilm thickness, thus leading to increased 

ethanol production. However, the use of an oxygen 

enriched aeration source lead to the formation of glucan, 

which further inhibited DO mass transfer causing a higher 

ethanol production albeit smaller than the production 

observed in MCMGR systems. The use of an oxygen 

enriched aeration source lead to high formation of MDA, 

which is a sign of lipid peroxidation. The high concentration 

of glucan in some of the biofilms was attributed to cause 

increased metal accumulation from the nutrient media. 

of the required basal medium solution exhibited less 

accumu- lation of Mn and Cu, even though the values 

obtained were higher than those observed in batch  

cultures where higher concentrations of Cu and Mn were 

used. 
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