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ABSTRACT Nine fungal strains were tested for their ability to directly bleach
hardwood kraft pulp under aerobic, agitated conditions. The white-rot fungus
Coriolus versicolor produced the brightest pulp in five-day treatments. The
pulp brightness increased by 15 points to 48% ISO, with a corresponding
decrease in kappa number from 11.6 to 7.9. The bandsheet strength
Droperties were improved in the treated pulp, in spite of a viscosity drop
indicating some cellulose chain cleavage. Most of the brightening effect
occurred during the second day of the reaction, following an initial lag

KEYWORDS
Bleaching
Brightness
Fungi
Hardwoods
Kraft pulp
Lignin
Microbiology

period. Combined fungal and chemical (DED) bleaching gave a pulp of 82%
ISO brightness, whereas a conventional CEDED bleaching gave 88%. The
bleaching effect of C. versicolor appears to be limited to hardwoods since
experiments with spruce pulp failed to increase brightness.

The white-rot fungi are generally
acknowledged to be the most efficient
microorganisms for depolymerization
of lignin (1), Phanerochaete chrysospo-
rium has been intensively studied in
this regard, and a picture is now
emerging of the lignin degradation
process, Rapid colonization of lignocel-
lulose fibers by hyphal invasion of the
fiber lumen is followed by simultane-
ous removal of all wood components by
extracellular fungal reagents (2). A
hydrogen peroxide-dependent lignin
peroxidase has been implicated (8, 4)
in lignin degradation, at least when
lignin model dimers are used as
substrates. Other redox enzymes are
probably also required for total con-
version of lignin o earbon dioxide and
water (5). Also, active oxygen species
(*Qz, Hz0:, OH+, 027 and one-electron
carriers {e.g. veratryl alcohol radical
cation) may allow the modification of
lignin in the middle lamella, which is
inaccessible to enzymes originating in

the lumen (6). Besides Phanerochaete,
many other white-rot fungi, such as
Coriolus, and Pleurotus species, can
depolymerize lignin. Their physiology
and enzymology may or may not
resemble those of Phanerochagte (7).

Kraft pulp can be partly delignified
by Phanerochaete chrysosporiuwm when
the fungal treatment is followed by
alkaline extraction {8). More recently,
a reduction in lignin content of hard-
wood unbleached kraft pulp has been
observed without extraction (9), al-
though prolonged (10-day) treatment
in unagitated eultures was required.
Whether lignin peroxidase is respon-
sible for the observed effect is present-
ly unclear—only qualitative data has
been reported (10). However, another
enzyme, xylanase, can aid delignifica-
tion (11, 12), presumably by liberating
lignin from a complex with hemicel-
luloses. Thus, if conventional bleach-
ingis preceded by xylanase treatment,
a brighter pulp will result.

Direct bleaching of pulp with
mieroorganisms, i.e., without subse-
guent chemical treatment, has not
been guantified until now. Thus, we
decided to sereen a selected group of
microorganisms for their ability to
inerease the brightness of kraft pulp.
We have found from this sereening
that the species Coriolus versicolor
No. 52, previously identified as ca-
pable of chlorolignin decolorization
from bleached kraft effluent from
the first E stage (13), can bleach kraft
pulp by up to 19 points.

Materials and methods

Strains
The following strains were screened:

e No. 52 Coriolus versicolor {ATCC
20869)

o No. 170 Phellinus pini
o No. 358 Pleurotus eryngit
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I. The effects of nine fungal strains on brightness, lignin, and celiulose in unbleached hardwood kraft pulp

Controt Strain Strain Strain Strain Strain Strain Strain Strain Strain
{pulp only) #052 #170 #358 #383 #405 #406 #4371 #432 #434
, Before 2% extraction. .
Brightness, % )

ISO 335 48.0 3_5.8 _ 344 357 358 359 355 354 36.0
Kappa number 1.6 7.9 12 12 10.9 102 1.7 12.3 124 124
Viscosity, mPa*s 17 1.2 159 16 135 109 17.8 16.7 16.8 181
Klason lignin, % 1.1 07 14 16 1.1 14 1.3 18 16 20
UV lignin, % 0.68 083 069 067 058 0.61 0.63 063 0.67 049

. B After 2% extracion
Brightness, % .

e ' 34.3 495 _3__5.9 348 356 370 353 348 349 348
Kappa number 10.8 65 1.2 121 104 84 114 1.7 11.3 11.4
Viscosity, mP*s 15.3 104 146 14.4 134 10,9 16.8 168 15.2 144
Klason lignin, % . 1.0 0.5 1.0 1.2 1.0 14 11 1.3 13 16
UV lignin, % 0.70 051 0.70 067 065 058 069 069 0.79 0.86

o No. 383 Phanerochaete chrysospori-
um (ATCC 24725)

e No. 405 Plewrotus sajor-caju

e No. 408 Lentinus edodes

* No. 431 (Cellulase-less mutant) P.
chrysosporiwm

e No. 432 (Cellulase-less mutant) P,
ehrysosporium

® No. 434 Aureobasidium pullulans.
The numbers on the left refer to the

Paprican culture collection. Strains

431 and 432 were kindly provided by
K. E. Eriksson and C. Johnsrud, of

“STFI, Stockholm. Strain 170 origi-

nates from the collection of J. E.
Purkynie University, Brno, and
Strain 358 comes from F. Zadrazil,

Institut fur Bodenbiologie,
Braunschweig.
Standard culture conditions

Strains were maintained on malt agar
slants. Malt agar plates were inocu-
lated and grown for five days at 30°C.
Three disks (about 1 cm in diameter)
punched from the growing edge of the
mycelium were used to prepare liguid
inocula in 500-mL plastic shake
flasks, each containing 200 mL of
culture medium, The medium was
mycological broth, 50 g/L (Difeo Labs)
consisting of a soybean digest, soytone,
10 g/L, and D-glucose, 40 g/L at pH
4.8. A glass marble was added to each
flask to break up the mycelial disks
and prevent pellet formation, Flasks
were shaken (25°C, 200 rpm) for five
days.
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Unbleached washed kraft pulp was
obtained from two eastern Canadian
mills thardwood, approximate kappa
no. 12) or from the Paprican pilet
plant (spruce, kappa no. 30). For pulp
treatments with fungi, 30 g of pulp
was sterilized (121°C, 20 min) in 1 L
of deionized water in 4-L polypropy-
lene screw-capped bottles containing
sparging tubes for aeration. Liquid
inoculum (about 80 mL) was added to
each flask, and the total volume of the
pulp suspension was made upto 2 L
with deionized water. The bottles
were shaken at 100 rpm, 30°C, with
anair-flow of 2 L/min ¢humidified air)
for up to five days. The pulp was then
homogenized with a Brookfield
counter-rotating mixer and filtered
with fines recycle through a polyeth-
ylene macrofilter (Speetrum) of 290
pm mesh.

Pulp and paper testing

Handsheets were made, treated, and
tested according to the standard
methods of the Technieal Section of
the Canadian Pulp and Paper Asso-
ciation. The ISO brightness was
determined at 457 nm with an Elre-
pho instrument.

Chemical bleaching

Five-stage bleaching of pulp samples
consisted of sequential chlorination
{C), extraction (E), chlorine dioxide
(D), extraction (E), and chlorine
dioxide (D) stages. For samples pre-
viously treated with fungus (), the
first two stages were omitted. Chlo-

rinations were carried out with a
charge on pulp of 0.2 times the orig-
inal kappa number at 25°C for 45 min
at 3% consisteney. Caustic extractions
were performed at charges 0.11 times
the original kappa for 90 min at 70°C
with the pulp at 10% consistency. The
dioxide treatments were done with
chlorine dioxide and sodium hydrox-
ide eharges of 1% and 0.45% on pulp,
respectively, while the pulp was at
10% consisteney for 3 h at 60°C. For
the second D stage, chlorine dioxide
(0.45% charge) was added without
sodium hydroxide. Upon completion
of the chlorine dioxide oxidation, the
pulp (1% eonsisteney) was washed and
soured with sulfur dioxide gas to a
final pH of 5.

Enzyme assays

Xylanase and cellulase activities were
measured by reducing sugar produc-
tion from larchwood xylan and car-
boxymethyl cellulose sclution, respec-
tively (14). Reducing sugars were
determined by the method of Miller
(15). Lacecase {phenol oxidase) and
peroxidase were measured by the rate
of oxidation of 2,2 azinobis(3-ethyl-
benzothiazoline-6 sulfonic acid)
(ABTS, Aldrich Chemicals) in the
presence and absence, respectively, of
1mM hydrogen peroxide (16). Lignin
peroxidase activity was measured by
the oxidation of 0.4mM veratryl alco-
hol to veratraldehyde at pH 8.0 in the
presence of 0.33mM hydrogen perox-
ide (7).



1. The effectof exposure to C. versicolor on the brightness, kappa number,

2. Laccase production and reducing sugar consumption during exposure

and viscosity of unbleached hardwood kraft pulp. Contro! pulps [nofungus  of pulp to C. versicolor. Brighiness values from Fig. 1 are also shown.
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Results
Screening of fungi

Samples of unbleached hardwood
kraft pulp at 1.5% consistency were
sterilized, inoculated with each of nine
different fungi and incubated for five
days with constant agitation and

aeration. The resuiting mixtures of
pulp and fungi were homogenized,
made into handsheets, and tested for
brightness and lignin content (Table
). Relative to an uninoculated control
pulp, the C. versicolor-treated pulp
showed a marked increase in bright-
ness. The increased brightness with C.
versicolor was accormpanied by a
decrease in both kappa number and
Klason lignin, indicating lignin re-
moval from the pulp. However, the
viscosity of the pulp decreased appre-
ciably, indicating that cellulose attack
had also occurred.

Extraction of the pulps with 2%
NaOH following fungal treatment
gavenoincreased brightnessor kappa
number decrease for the C, versicolor-
treated pulp relative to the control. On
the other hand, the pulp treated with
P. sajor-coju did show a slightly
increased brightness upon alkaline
extraction.

Treatment of other unbleached
kraft pulps. Unbleached kraft pulps
from twe other eastern Canadian
mills were incubated with C. versic-
olor under the same conditions. The
pulp originating from a mixed hard-
wood furnish increased in brightness
from 33% to 48% ISO (Table II).
However, a softwood (spruce) pulp
showed no brightening.

Time study of C. versicolor
bleaching reaction

Unbleached hardweod pulp was ex-
posed to C. versicolor mycelium for
various time periods of up to five days

under the same conditions. Most of the
brightening effect took place during
the seeond day (Fig. 1) and was
preceded by a one-day lag period. The
decreases in kappa number and vis-
cosity, in Fig. 1, paralleled each other
and also showed the greatest change
during the second day.

In spite of the viscosity loss, the
handsheet properties of five-day-
treated pulp from this experiment
indicated strength improvements
(Table IIT); the tear, breaking length,
burst, and streteh wvalues all
increased.

Enzymes in solution during
bleaching

The following enzyme activities were
monitored in supernatants during the
time course experiment in Fig. 1
laccase, peroxidase, veratryl alcohol
peroxidase, xylanase, and cellulase.
Only laccase activity was detected,
and this reached a maximum after
one day (Fig. 2). No cellulase activity
was found in the supernatant in spite
of the viseosity loss of the pulp.
Cellulase production may be re-
pressed by the reducing sugar (D-
glucose) initially introduced with the
incculum (Fig. 2). Alternatively,
cellulase and other enzymes may
adhere strongly to the pulp and would
therefore remain undetected in these
assays.

The culture supernatant from the
five-day-treated pulp was sterilized
by filtration and then added to fresh
sterilized unbleached pulp. This cell-
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free mixture was agitated and aerat-
ed for five days, as for the fungal
treatment. The resulting pulp was
slightly darker than a control (32.5%
vs. 34.4% IS0).

Effects of buffers

The lag period before the brightness
increase dependent on C. versicolor
mycelium (Fig. 1) might be associated
with pH since between days 1 and 2,
the pH dropped from 7.0 10 4.6, where
it stabilized. Various buffers at pH 5
and 0.1 were therefore added to the
pulp in place of water. From visual
abservation, not one of the buffered
puips was brighter than the unbuf-
fered control. After five days, the
brightnesses were determined (Table
IV). The buffered pulps were not
brighter, and, in the case of citrate,
the buffer was inhibitory to bleaching
action.

Effect of added glucose

Different concentrations of glucose
were added to the standard mixture
of mycelium and puip. After a five-
day incubation, a sighificant increase
in brightness was found at higher
glucose concentrations (Table V).
These results were obtained in Fern-
bach glass flasks, which ailowed more
agitation of the suspensions than in
plastic 4-L bottles.

Combined fungal and chemical
bleaching

One objective for fungal bleaching
would be to replace chlorine used in
chemical bleaching of kraft pulp. A
pulp bleached by a conventional
sequence (CEDED) was therefore
compared with a pulp where the
initial chlorination and extraction
were replaced by the fungal treat-
ment (FDED, Table VI). The fungal
treatment left more lignin in the pulp,
which probably accounts for the six-

“point difference in brightness. Initial

experiments to determine the yield of
the fungal treatment indicated that it
was essentially a quantitative conver-
sion. Any pulp loss was compensated
by increased fungal biomass.

Discussion

The initial sereening of fungi showed
that C. versicolor (No. 52) was the most
effective at direct brightening of the
unbleached hardwood pulp. Under
the culture eonditions employed here,
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IV, Effect of 0.1M buffer addition on the bleaching of pulp by five-day treatment with C. versicolor

Control Dimethyl-
{unbuffered) succinate Citrate Acelate
Brightness_, Yo IS_O _ 441 45,1 339 425
Final pH, after bleaching 46 46 4.9 52

V. Effect of glucose concentration on bleaching of pulp by five-day treatment with C. versicolor

Glucose conc,, mM 0 10
Brightness, % ISQ 53.2 855

25 40 50
56.3 56.0 58.3

several P. chrysosporiwm strains were
ineffective. Kirk and Yang previously
reported (8} that P. chrysosporium can
reduce the kappa number of softwood
kraft pulp when combined with alka-
line extraction. Tran and Chambers
(9) noted a similar effect with hard-
woods after 10-day treatment without
alkaline extraction. However, both
results were obtained with nitrogen-
limited, unshaken ecultures at 39°C.
Our culture eonditions for screening
were selected on the basis of simplieity
of design for oxygen exchange (agitat-
ed cultures) and pulp preparation
(pulp in water). Some mycological
broth nutrients were carried over
with the 15% (volume/volume) fungal
inoculum. The cultures were there-
fore not initially nutrient limited—the
metabolic state of C. versicolor (pri-
mary or secondary) during bleaching
is the subject of a fortheoming article
(18). C. versicolor was ineffective on
softwood kraft pulp, and this may be
related to the fact that C. versicolor
predominantly attacks hardwoods in
nature.

Unlike P. chrysosporium or
xylanase-treated pulps (8, 1I), the
brightening by C. versicolor was not
enhanced by alkaline extraction.
Since kappa and Klason vaiues de-
ereased following C. versicolor treat-
ment alone, it appears that there is a
fairly complete mineralization or at
least solubilization of lignin in this
case. However, both kappa and Kla-
son values (Table I} should be inter-
preted with caution here, sinee fungal
biomass may interfere with the as-
says, and the lignin contents are at the
limits of detection by the Klason
technique.

The strength of the biclogically
bleached pulp increases, as shown in

Table III. On the adverse side, how-
ever, a limited cellulose chain cleav-
age also occurs, as measured by
viscosity reduction. Since cellulases
could not be detected, the question
then arises as to whether a nonspecific
catalytic agent, such as hydroxyl
radieal, is responsible for both lignin
and cellulose degradation. If degrada-
tion of lignin and ecellulose were
caused by different reagents, then
there could be an opportunity to
improve the reaction specificity by
separating the active components.

The rate and extent of kraft pulp
bleaching with C. versicolor depend
on a number of factors, some of which
have been studied here. Glucose addi-
tion affects the extent of bleaching—
as was found previously with eolor
removal from bleached kraft effluent
(18). Laccase and peroxidase have
been implicated in lignin oxidation
(19), and lacease is indeed abundantly
produced during bleaching (Fig. 2).
However, the extracellular fluid from
bleaching cultures was not by itself
capable of bleaching. Either there is
a rapid turnover of secreted enzymes
by the fungus or cell-associated en-
zymes or other systems are required.
Laccase may be one enzyme in the
biodegradative pathway, but it is
evidently not sufficient per se for the
bleaching observed here.

Conclusions

The results show that there is some
potential for bleaching kraft pulp
with microorganisms. Combined with
conventional bleaching, bleaching
with microorganisms could mean
savings in chlorine savings or even the
introduetion of chlorine-free bleach-
ing. In the future, some effort will be
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devoted to optimizing the process. The
biechemical mechanism of bleaching
will be studied, since this could lead
to more rapid bleaching, especially if
an active component can be isolated
from the fungus.03
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