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Fungi in lignocellulose breakdown and biopulping 
Alec Breen and Fred L Singleton 

Biological pulping has the potential to improve the quality of 

pulp, properties of paper and to reduce energy costs and 

environmental impact relative to traditional pulping operations. 

It has been suggested that energy savings alone could make 

the process economically viable. Other benefits include 

improved burst strength and tear indices of the product and 

reduced pitch deposition during the production process. The 

technology has focused on the white rot fungi, which have 

complex extracellular ligninolytic enzyme systems that can 

selectively remove or alter lignin and allow cellulose fibers to 

be obtained. Although still far from completely understood, 

these enzyme systems are being characterized mechanistically 
and on a molecular level with primary emphasis on the 

enzymes lignin peroxidase, manganese peroxidase and 
lactase. Scale-up to industrial process requirements presents 

challenges that are difficult to simulate in laboratory or pilot- 

scale tests. Inoculation, aeration and heat dissipation are key 

parameters for maintaining fungal activity. It may be possible to 
monitor and maintain consistent treatments through a program 
of active wood chip pile management. Overcoming these 
challenges WIII determine, in large part, if biopulping becomes 
a reality. 
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Abbreviations 
GLOX glyoxal oxidase 

LIP llgnin peroxidase 

MnP manganese peroxtdase 

VA veratryl alcohol 

Introduction 
‘I’hc objcctivc of pulping is to extract cellulose fibers from 
plant material. generally hart1 or soft wood trees. ‘I’wo 
approaches haI,e been employed to pulp word: mechanicd 
pulping: and chemical pulping. Kecenr reports show thait a 
hiolo~ically basctl approach has potential for improving both 
the economics and en\ironmenral impact of p~~lp generation 
[ 1 1, ‘liaditionally, ccllulosc removal has been aocomplishcd 
by a mechanical process that hula been improved over time 
by modifications such as refiner mechanical pulping and 

thermon~cchanical pulping. Although cfticient, chcse meth- 
ods are extremeI> cner,q inrensi\zc. (Chemical pulping 
dissolves lignin from the cellular and hemiceltulose tihers. 
‘I-he primary chemical pulping process employed today is 
the kraft process, in M hich UYKHI chips are cooked in a solu- 

tion containing sodium hydroxide and sodium s~~lfide. ‘I‘he 

yield from chemical proccsscs is generally lolver than 
mechanical pulping due to some degradation ofcellulos~. 4 

second drawback to chemical pulping is the large amounts 
of potentially hazardous chemicals which pose a danger to 
both mill workers and the environment [Z]. 

Riopulping technology is based on the natural turnover of 
plant organic material. ‘I’he process begins with fungal col- 
onization of the xylem of exposed wood. Xlicroscopic 
studies reveal penetration and degradation of the lumen, 
and softening and swelling of cell walls [3”]. Expansion of 
fungal hyphae and colonization through the parenchyma 
allow the organism to become established. As funKa degra- 
dation progresses the middle lamella separates from the 
cellulose-rich secondary wall structure. 

Data suggest that hiopulping has the potential to be an 
environmentally and economically feasible alternative to 
current pulping methods [.3*‘, 41. Laboratory studies with 
Cft-iporiop.cis .r~k~-~~~is~of~ on aspen and loblolly pine 
showed energy savings of47% and 37%. respectively [S]. A 
decrease in extractable triglycerides. lvhich are responsible 
for sticky deposits during paper production. was also docu- 
mented 1.51. ‘I‘he only undesirable property noted was a 
dccreuse in brightness of biologically-treated pulps. 

1)~ to its high molecular weight. structural complexity 
and relative insolubility, lignin is a recalcitrant compound. 
Its degradation in wood appears to he limited to select 
fungi (bacterial degradation of non-tvood lignins has been 
reported) 161. White-rot basidiomycetes, ho\\cver, are 
capable of degrading all wood components. ‘I’heir ability to 
preferentially degrade a higher proportion of lignin than 
crll~~lose has resulted in intensive studies to optimize the 
catabolic potential of these organisms for hiologicat pulp- 
ing application. I>cspitc cxtensi\ c scud),. lignin 
degradation itself is still a poorly Iinderstood process. 
Keccnt advances in the biology of the whitc-rot fungi have 
shed new light on the process of biological pulping. ‘l-his 
re\ie\v summarizes these ad~nces as ~vrll as the obstacles 
that remain as Ggniticant harrier5 to the widespread me of 

this technology. 

Lignin degradation 
I,ignin is an extremely complex. three dimensional het- 
cropnlymer made up primarily of phenyl propane units. 
which serl’es as a structural component of higher plants. 
I,ignin may account for up to 2.5% of the dry weight of 
woody plants. Lignin is randomly svnthesized from 
coniferyl, p-coumaryl and sinapyl alcohol’prccursors 173. As 
stated by Kirk, “The [enzymc~ system must differ funda- 
mentally from those invoh.ed in the biodegr;tdation of all 
other important biopo1ymers. and meaningful analogies 
can not bc readily drawn with other systems” [h]. 1)~ to 
the large size of the polymer, degradation must take place 
in an cxtracelllllar Lhion. 1,ignin is not degraded under 
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anaerobic conditions; the carbon-carbon and ether bonds 
joining subunits together must be cleaved via an oxidative 
mechanism. Complex but non-specific enzyme systems 
are needed for lignin to be degraded. 

White-rot basidiomycetes tend to harbor gene families 
encoding the key enzymes responsible for depolymeriza- 
tion of lignin: manganese peroxidase, lignin peroxidase 
(I,iP) and lactase [8). The existence CJf gene families for 
these extracellular enzymes may be a consequence of 
their diverse roles in fungal physiology. 1,accases. for 
example, have fllnctions in plant pathogenesis, sporula- 
[ion. and pigment production [VI. The abundance of 
enzymes may also be a result of the non-uniformity of the 
substrate they oxidize. In addition to these key enzymes, 
veratry alcohol (vi\), a degradation product of lignin, and 
glyox;rt oxidase (Gf,OX), an e~tracellular peroxide-gener- 
ating enLyme, also have iml)ortant functions in tignin 
degradation. ‘l’he primary erlqmes involved in liEnin 
degradation arc discussed belie. 

Lignin peroxidase 
’ 1 ‘hc 1,if’ system from I’/ic~rrto/%lc~tl. ~?r;~~pori~~ has 
been the most thoroughly studied and. unless otherwise 
stated, information presented herein MTIS gathered with 
thih organism. I,if’ (IC:(:l.l 1.1.7) is a heme-containing 
glycoprotcin secreted dllrin, u sccondarv metabolism as a 
response to nitrogen limitation. 1,iI’s are strong oxidizers 
capable of catalyzing the oxidation of phenols and aro- 
matic amines. aromatic ethers and polycyctic aromatic 
h);drocarhons. f,iP is initially ouidizcd by H,Oz to form a 
two-electron deficient intermediate termed compound I 
(l*‘igure 1 ).(:ompound I oxidizes substrates by one elec- 
tron and forms compound 11, 3 more reduced enzyme 
intermediate. (~otnpot~nd I f  can in turn osidizc sub- 

stratus by one electron ;rncl return the enzyme to its 
resting state [ 101. 

Figure 1 

Glyoxal oxidase 
G1z-r Glyoxyk acid 
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Mechanism of lignin peroxldase action. OX, oxidized state. 

LiP is too large a molecule to enter the plant ceil wall. f t  
appears that to accomplish degradation directly, LiP must 
attack exposed regions of the lumen. ‘There is some uncer- 
tainty about this, however, as some microscopic studies 
indicate degradation of lignin occurs from inside the cell wall. 
‘I‘he possibility of an indirect oxidation, where low molecular 
weight diffusable compounds, capable of penetrating the cell 
wall, are acted on by LiP and in turn oxidize l&in, has been 

proposed hut is currently lacking evidence [ 11 **I. 

‘I’he theorized importance of Lit’ in detignification has 
decreased due to a number of observations summarized in 
detail by Archibald rt a/. [12]. Interestingly, 1,if’ is not 
found in the most extensively studied hiopulping fungus 
C,‘. su&urCpnrcr, although lip-like gene sequences have 
been detected, and some have reported polymerization of 
lignin preparations rather than depolymerization when 
testing I,iP in zitr0 [ 1.31. 

‘I’en structurally similar Lit’ genes (designated /i/A 
through /$J) in three linkage groups have been identified 
in I:’ ~$~~ysosporir~m [13”]. ‘f’he gene sequences are con- 
served among lip genes and the crystal structure of 1,iP 
proteins has heen shown to resemble cytochrome C oxi- 
dase. Further complicating the studies of 1,iP regulation in 
/! ~hysosprizm is variation of gent expression from strain 

to strain [l l”], 

Manganese peroxidase 
hlanganese peroxidase (~lnl’; IX:1.11.1.7) occurs in most 
white-rot fungi. Similar to I,iPs. YUnf’s are glycosylated, 
hctne-containing enzymes that functionally require I-1$>,. 
‘f’he first report on nlnf’ was in t! d7yospori7~777. ‘Ii) date, five 
isozytnes have been detcctcd in p ~/r7y.ro5po7-i7r777 h,If’-1 [ 1 1 “1. 
‘f’he hlnl’ system generates low molecular weight diffusable 
oxidizing agents capable of cserting their effect ovet- a phys- 
ical distance from the enzyme (Figure 2). It has also been 
reported that when hln(fI) is present, I\,lnI’ will peroxidate 
unsaturated lipids causing the formation of litx~xyradical 

intermediates capable of oxidizing non-phenolic model 

Figure 2 

Mechanism of MnP action. MnP oxidizes Mn(ll) to Mn(lll). Mn(lll) will 
then react with bidentate orgamc acid chelators such as malonate to 
form a complex capable of oxidizing phenolic residues in llgnin 
[I 1”,121. OX, oxidized state. 



254 Environmental biotechnology 

lignin compounds [I l**]. Jensen et al; [15] suggested that 
MnP lipid-mediated peroxidation is responsible for the pro- 
duction of benzylic fragments from p-O-4 lignin structures by 
C. subuermispora when no LiP activity was detected. C. s&- 
c?ermispora appears to produce as many as 11 isozymes 
of MnP 

DNA sequence studies and protein crystallographic stud- 
ies show that MnPs have a great deal of similarity to Lips. 
As with LiPs, it has been difficult to get heterologous 
expression of MnPs in alternative hosts. DNA sequence 
analyses indicate that mnp genes contain both metal 
response and heat-shock response elements. In 
R r&y.sosporium, MnP can be differentially regulated by 
carbon and nitrogen levels. Additionally, Mn(I1) can 
induce transcription of mnpf and mnp2. Conversely, mnp.? 
does not appear to be regulated by Mn. Godfrey et al. [ 161 
constructed a reporter gene system for monitoring MnP 
gene expression. ‘I’heir study demonstrated the anticipat- 
ed responses from an t~np promoter and should have utility 
for determining conditions for optimal mnp gene expres- 
sion from certain loci. 

Veratryi alcohol and glyoxal oxidase 
VA and GI,OX are components of the peroxidase 
enzyme systems. VA is a secondary product of fungal 
metabolism that has been reported to stimulate lignin 
degradation. Its mode of action was at first hypothesized 
to be similar to the mediator compounds of the lactase 
system. Mediators are low molecular weight compounds 
oxidized by ligninolytic enzymes, which can then diffuse 
in to the plant cell wall to accomplish lignin oxidation. It 
is now believed, however, that the role of VA is to recy- 
cle the 1,iP and prevent its inactivation by H,O, 1171. As 
stated above, I,iP-compound I is a two electron interme- 
diate that forms compound II when it uses one electron 
to oxidize substrates. (2ompound II will then oxidize 
substrates by one electron; however, in the presence of 
poor substrates and excess H,O,, compound II is con- 
verted to compound III, an in:lctive form of LIP. VA is a 
favorable substrate for compound II and functions to 
convert it back to its original state, thus recycling LIP 
and insulating it from inactivation by H,02. The hypoth- 
esis that VA could serve as a diffusable oxidizer was not 
valid because of the instabilitv of the VA cation radical. 
(:ancel it al. [ 181 showed that VA-enhanced LiP activity 
is not due to & nouo I,iP synthesis by monitoring mKNA 
transcription from LIP isozymes HZ and H8. This evi- 
dence is strongly supportive (If a protective role for VA 
rather than an enhancement of LIP gene expression. 
Collins P~u/. [ 101 demonstrated that tryptophan can func- 
tion in the same fashion as VA 

H,O, required for catalysis by peroxidases is most proba- 
bly generated by GLOX. GLOX is an extracellular 
enzyme that acts by transferring electrons from low mol- 
ecular weight aldehydes to 0,. resulting in the formation 
of H202 [ 1 lo*]. Substrates for (iLOX include glyoxal and 

glycoaldehyde, extracellular metabolites secreted by 
p chrysosporium. GLOX genes have been cloned from 
I? chrysosporium. Kersten et a/. [19] were able to show 
expression and secretion of GLOX in Aspe@h’us nidulans, 
when under control of a maltose-inducible expression 
system, at levels SO-fold greater than in E chysosporium. 
Aryl alcohol oxidase is also an H,O, generating enzyme. 
It catalyzes the conversion of benzyl alcohols to the alde- 
hyde and in the process transfers electrons to OZ 
generating H,O, [ 11 *‘I. 

Lactase 
A number of laccases have been found in a diverse variety 
of fungi, including not only wood-rotting basidiomycetes 
but well studied strains of non-ligninolytic ascomycetes 
from the genera AspeqiLus and Neurospora [ZO]. Laccases 
have also been found in plants where they play a role in 
lignin synthesis. llnlike the peroxidases, heterologous 
gene expression does not appear to be problematic with 
laccases. Laccases harbor great biotechnological potential 
and alternative applications for laccases include pulp 
bleaching, effluent detoxification, washing powder com- 
ponents, removal of phenolics from wines and 
transformation of antibiotics and steroids [Zl]. Z? c%l~vsospo- 
ri~m, perhaps the most proficient producer of extracellular 
ligninolytic enzymes, was, until recently, not believed to 
produce lactase. Lactase activity has been detected but it 
is relatively low and repressed by glucose [13]. 1,accases 
(benzenediol:oxygen oxidoreductases, EC1.10.3.2) are 
multi-copper-containing enzymes that oxidize phenolic 
compounds. 1,accase reduces molecular oxygen to water 
accompanied by a one electron oxidation of an aromatic 
substrate (Figure 3). For example, several phenothiazines 
capable of forming cation radicals have been tested; how- 
ever, to date, molecules in the class appear too unstable to 
act as effective mediators. 

Lactase may interact directly with phenolic components 
of lignin or, in the presence of a ‘mediator’ compound, 
react with a broader range of substrates. A mediator is a 
co-substrate, the most often cited is Z,Z’-azinobis-(3)-eth- 
ylbenzythiazoline-6-sulphonate (AB’l’S), which functions 
as a diffusable lignin-oxidizing agent. The existence of 
mediators was postulated because of the fact that purified 
laccases can not react directly with the intact fiberous cell 
wall. This indicated that another component was neces- 
sary and mediators were hypothesized to be low 
molecular weight ‘oxidizing vehicles’ secreted by fungi 
[Z&23]. A natural mediator, .i-hydroxyanthranilic acid, 
has been detected in the white-rot fungus Fvrnoporus 
rimzabarinw but little more is known about lactase medi- 
ators in nature [13]. The paucity of information on the 
natural occurrence of lactase mediators has not slowed 
the development of effective lactase-mediator systems to 
enhance ligninolytic activity [ 12,23,24]. For example, 
several phenothiazines capable of forming cation radicals 
hav-e been tested; however, to date, molecules in the class 
appear too unstable to act as effective mediators. 
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Figure 3 

Mechanism of (a) lactase action, and 
(b) lactase action via a mediator. OX, 
oxidized state. 

Current Opmion in Bmtechnology 

More than 17 lactase genes from a variety of white-rot fungi 
have been cloned and sequenced [ll”]. Most organisms 
contain multiple lactase genes, aC least five in iT/-ametes zd 
loss and four in Rhkoctrmia sohi. Mansur et a/. [9] recently 
showed that at least seven lactase isozymes occur in a 
recently characterized white-rot isolate, designated I-62. 
‘I’hese gene Families contain closely related proteins that 
differ slightly in their substrate spectrum or regulation. 
I,accase has been cloned and expressed in Sacc&rorn:vres rere- 
zkae. Carbon source can induce lactase activity and 
regulation of lactase expression can differ greatly among 
species 191. Investigators have induced lactase activity by 
heat and cadmium exposure and suggested that lactase 
induction may be part of some stt-ess responses [ZS]. ‘The 
influence of nitrogen on lactase activity has varied from 
organism to organism and remains controversial. 

Process applications 
Biological pulping has been an area where it has been stated 
that there is a need for a ‘breakthrough technology’ [Zh]. To 
a large extent, the mechanism of biopulping is still relatively 
mysterious. ‘rhe greatest biopulping effect, as assessed by 
reduction in energy consumed in subsequent refining, can 
be seen ac a very early stage of the prckcess. At this stage wood 
looks morphologically no different to untreated wood. This 
suggests chat the structural components, including lignin, are 
still present after treatment yet much less energy is required 
m refine this material [S]. Although the potential for applica- 
tion of fungal treatment has been demonstrated, a number of 
engineering and process alterations must be incorporated to 
exploit this technology. 

No single organism is ideal for all hiopulping applica- 
tions. I-1 fhyosporium appears to be effective for 

hardwood, whereas C. suhermispora holds potential for 
both hard and softwood. Phlebiopsis gigantea has been 
shown to rapidly colonize freshly cut logs from conifers 
and inhibit colonization by sapstain fungi (which cause 
discoloration hence lowering pulp quality) [27]. ‘The 
organisms of choice must be capable of accomplishing 
delignification in a reasonable period of time, delignifica- 
tion must be selective (i.e. leaving the cellulose fibers 
intact) and the organisms must be robust enough to thrive 
in conditions that vary considerably within the biopulp- 
ing device. Selectivity can be difficult to maintain. 
Messner and Srebotnik [S] cited a report describing 
extensive selective delignification of whole logs (the logs 
were then used for cattle feed) but this appears to be a 
highly unusual case. Fungi selected for rapid delignifica- 
tion appear to be the best candidates for biopulping as 
they have a tendency to demonstrate selective delignifi- 
cation (i.e. leaving cellulose fibers untouched), as 
exemplified by (I’. subuermispnra. 

It is known that significant changes in the cell-wall struc- 
ture take place at a very early stage in the biopulping 
process. Cells retain their morphology but do not react with 
lignin stains (which are used to assess delignification micro- 
scopically). Laboratory tests show the gradual penetration 
of proteins of increasing molecular mass into the cell as the 
biopulping process progresses; however, the cells are not 
sufficiently permeabilized to allow penetration of ligni- 
nolytic enzymes [I lo*]. As previously mentioned, evidence 
indicates that diffusable lignin-oxidizing intermediates are 
generated. The frequency and regulation of this process 
relative to ‘simultaneous decay’ (degradation of cellulose, 
hemicellulose and lignin) is unknown. Considerable atten- 
cion is now being directed toward regulation of gene 
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expression in ligninolytic fungi and should yield informa- 
tion on optimizing selective decay. 

Selective delignification (which can be assessed micro- 
scopically using differential staining [2X]), can be highly 
variable as fungi can remove lignin at one site on a wood 
chip while removing lignin and cellulose at another site on 
the same chip. Fungi, such as P chrymporium, will switch 
back and forth from selective to non-selective degradation, 
possibly as a function of environmental conditions. Efforts 
to employ cellulase-defective mutants as means to attain 
selectivity have not been very successful [3”]. 

‘I-he indigenous microbial populations harbored on wood 
chips present most white-rot fungi with a competitive 
challenge. P r~r~sm.~~otiutn appears to be one of the more 
resilient of the white-rot fungi in contrast to C. suh~- 
mis~~rtr, which can not become established in the 
presence of indigenous microorganisms. f3ecause of this 
problem, most regimes for biological pulping incorporate 
a decontamination step: botk, heat and chemical treat- 
mentc have been shown to be effcctivc [1,3”,5,29”]. 
Application of steatn for ten minutes gave results COm- 

parable to autoclaving. and steaming for as little as 
15 seconds \vas sufficient to allow the establishment of a 
6’. .~N/EYY-~~~~~/.N inoculum [J”]. Successful inoculation 
and colonization can be promoted by the introduction of 
additional nutrients, for example. corn steep liquor has 
been shown to enhance bioptllping and reduce the size 
of inoculum needed from 3 kg per ton to less than 5 g per 
ton of wood chips [ZO”]. 

Whether fungal colonization .md growth are successful 
depends on the prevailing environmental conditions in the 
wood chips. Among important parameters are aeration and 
moisture content (Jf the chips. Heat, generated by fungal 
metabolism, can adversely affect the process. ‘I‘he optimal 
tcmpcrature for C’. .st~!n~~~~is~~~ is 27-32°C:; however, the 
temperature of the interior of u ood piles can reach 42’ (1 in 
six days [W’]. ‘I‘hris, a successful biopulping process will 
include a mechanism for dissipating excess heal in order to 
maintain fungal acti\itp [.i”]. 

‘I’hc problems summarized ahovc become even more 
daunting when the transition from pilot-scale to full-scale 
operation is taken into account. Pulp mills process 
200-2.000 tons of wood each day and, as a result, there can 
bc wide variation among the piles of chips due to heat, aer- 
ation, or contamination by other Inicroorgnnisms. ‘I’hese 
and other Factors (e.g. chip compression in the pile and 
moisture content) can have a direct impact on the quality 
of the product gcnrrated by the binpulping process. Scott 
of (I/. [D”] suggested that these problems may he over- 
come with minor modification\ to equipment already on 
site at most pulp mills. Screw conveyers alread)- in use for 
chip transport can be adapted ro cool and inoculate the 
chips. Ventilation and unifornlity of chip treatment go 
hand-in-hand in assuring a consistent product. 

Economic considerations 
More than a 25% saving in energy costs should be expected 
from refiner operation following fungdl treatment. 
Operating costs and energy savings were calculated for a 
200 ton per day mill by Scott ej u/. [W’]. A two-week incu- 
bation could not only reduce energy consumption, but 
improve the economic picture in other ways. Pulps can be 
blended to form a furnish (specific mix of raw materials, 
such as pulp and chemicals, to make a particular grade of 
paper) that will increase the strength of the finished prod- 
uct. Kraft pulp is often blended with thermomechanically 
produced pulp to improve strength qualities. The improved 
strength properties of biopulped material could reduce the 
amount of more expensive kraft pulp needed to produce the 
desired furnish and further reduce production costs [30”]. 
Figure 4 shows the effects of various ligninolytic fungal 
treatments on energy saving and tensile strength. 

Figure 4 
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Relationship between outcomes of treattng pulps with selected fungal 

species based on tensile strength and energy savings. A, Trametes 
versicolor; B, Dichomitus qua/ens: C, Phlebia fremellosa; D, fholiota 

mutabilis; E, Phanerochaete chrysosponum; F, Phlebia subserialis; 

G, Phlebia brevispora. Adapted from [31 I. 

f;ungal pretreatment results in a significant reduction in the 
pitch content of the wood chips [Zc)“]. Pitch is problematic 
in paper making where it can cause insoluble deposits on 
the paper-making system. Pitch is problematic in both 
chemical and mechanical pulping:, and process chemicals 
(also referred to as ‘dispersants’) must be used to control it. 
When uncontrolled. pitch can be responsible for breaks in 
the paper roll and a decrease in paper strength leading to 
machine shut downs. ‘I’he economic benefits derived from 
pitch reduction have not as yet heen quantified. 

Although most studies have tested the effect of fungal treat- 
ment on mechanical pulping:, chemical pulping could also 
be enhanced by the process. blvidence shows thar both the 
kraft and sulfite pulping processes could be augmented bl- 
fungai treatments of wood chips [S]. improved penetration 
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of the cooking compounds due to fungal treatment may be 
responsible for the increased efficiency. The benefits 
derived include reductions in the amount of chemicals 
required for processing and reduced cooking time resulting 
in a decrease in the amount of bleaching chemicals needed 
in the next production step. Studies on the effect of a 
biotreatment prior to kraft pulping have shown a reduction 
in Kappa number (i.e. lignin content) and increase in tensile 
strength; however, brightness was decreased. Messner and 
Srebotnik [S] tested five ligninolytic fungi for their effect on 
sulfite pulping. They showed that a two-week treatment 
with C. .c&z&.spo~n dramatically decreased the Kappa 
number after sulfite cooking. Studies indicate no delignifi- 
cation or alteration of cell wdh occurred. This suggested 
that lignin was modified in such a way as to make it more 
susceptible to sulfite cooking. 

Conclusions 
(Certainly. some engineering challenges are still daunting. 
Process parameters, such as asepsis. aeration and nutrient 
addition, will depend, to a large extent, on data generated 
by studies on selective decay. These data will, in turn, 
show the ultimate economic anal environmental effects of 
fungal trcatmcnts on the process. It does not appear that 
major rccngincering or capit:lI investment would IX 
required. ‘I‘ime constraints arc ot‘ten cited as a drawback to 
biopulpin~. ‘l’he fact that significant alterations of wood 
structure occurs within two weeks indicates that there are 
reasonable ways to overcome thrs drawback. For example. 
wood is routinely aged or ‘seasoned’ to minimize pitch - 
biopulping could bc integrated into this process. 

Hiopulping has the potential to be an environmentally 
benign means of improving both the economics of pulp 
production and the qualit)- of p111p produced. 1:ungal prc- 
treatment can produce significant energy savings for 
producers of mechanically manutactured pulp and decrease 
chemical consumption in chernic al pulping operations. 
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