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ABSTRACT Much research has been devoted recently to biotechnology in our ~ KEYWORDS
industry. In Part 1, we look at the directions biotechnology research is taking Biology
in tree improvement, pulping, bleaching, and dissolving pulp production. Part  Biotechnology
2 will cover pulp property improvement, papermaking, effluent treatment, Bleaching
and the use of biomass for fuels, chemicals, and other products. Dissolving pulps
Researchers in tree improvement are concentrating on genetic Enzymes
manipulation of lignin content and composition in wood to make pulping Forestry
easier, with less expenditure of chemicals and energy. Biopulping research is Lignin
Jollowing two tracks: the use of white-rot organisms in biomechanical Pulping
Dprocesses and the production of ligninase enzymes for direct use as pulping Trees

reagents. Biobleaching research focuses on bemicellulase enzymes, though
xylanase enzymes also are being studied for use in preparing dissolving pulps

of high quality.

How to apply biotechnology in the
pulp and paper industry has become
a prolific area of research. Biotechnol-
ogy is defined here as the use of
biological organisms, systems, and
processes for practical or commercial
purposes. [t encompasses such diverse
activities as fermentation, immobi-
lized-cell and enzyme technology, cell
and tissue culture technigques, and
monoclonal antibody techniques. In
recent years, however, the term has
been increasingly identified with
techniques for gene transfer and
DNA manipulation, or “genetic engi-
neering.”

In the broadest sense of this defini-
tion, biotechnology has been a part of
our industry for many years for
treating wastes (Fig. 1), fermenting
sulfite liquors, preparing starch for
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paper sizing, and controlling the
buildup of slime on paper machines.
But recently, major research efforts
have been aimed at pulping, bleach-
ing, modifying fibers, and improving
the trees. Kirk et al. (1) reviewed
progress in the entire field in 1983,
and Paice and Jurasek (2) followed
with a review of biotechnology in
pulping, bleaching, and papermaking
in 1984. In 1986, I reviewed biotech-
nology efforts in tree improvement (3).
Four international conferences on
biotechnology in the forest products
industry have been held, one in Ra-
leigh, N.C., in May 1989 (4). Other
symposia on the subject also have
attracted interest (5).

Advances in biotechnology have
been occurring rapidly. The purpose
of this two-part report is to review

what has taken place since the earlier
reviews appeared and to offer a fresh
look at expectations for the future.
Part 1 will cover biotechnology for
tree improvement plus applications in
pulping, bleaching, and the produc-
tion of dissolving pulp. Part 2 will deal
with pulp property improvement,
papermaking biotechnology, waste
treatment, and conversion of biomass
to fuels, food, and chemicals.

Genetic engineering
in forestry: improving trees
for papermaking

Classical genetic techniques have
been used for years to produce supe-
rior trees for commercial forestry
operations. These programs rely on
the broad natural variability of gen-



otypes within populations (6). Selec-
tions have traditionally been made for
“Investment” traits such as straight-
ness, form, and superior growth yield,
although “insurance” traits such as
disease resistance also are included
sometimes. Recently, some commer-
cial tree breeders have begun to
include wood quality characteristics
in their selection criteria as well.
Wood specific gravity is the charac-
teristic usually chosen because it is an
easily measured surrogate for a
number of performance parameters
(7, 8).

Clonal propagation methods such as
tissue culture and embryogenesis,
which are included in the broad
definition of biotechnology, could be
integrated into these programs to
shorten the time to get superior
planting stock into the field. Never-
theless, tree breeding programs based
on selection of traits require long-
ferm investments and several gener-
ations of selects before major improve-
ments are seen. Furthermore, in
following a program of selection of
traits, we presuppose that they exist
in the trees’ genetic makeup (1). Many
of the possibilities being considered
for improving important pulpwood
species are based on traits that prob-
ably do not pre-exist in tree genomes.

Recombinant DNA techniques
have been developed in recent years.
These techniques make it possible to
transfer specific genes into host plant
genomes to create new genotypes, in
effect. To apply recombinant DNA
techniques to plants, it must first be
possible to:

1. Identify, isolate, and clone the
fragment of DN A that contains the
gene of interest

2. Transfer the DNA fragment into
a recipient plant cell and have it
incorporated into the DNA of the
cell

3. Regenerate a whole transgenic
plant from that transformed cell.

I call these, collectively, “enabling
technologies.”

Status of enabling
technologies

Strategies for carrying out Step 1—
the detection, isolation, and cloning of
specific genes-—have become quite
advanced and sophisticated in recent

1. Pulp mill bioponds. Effluent treatment has been a stronghold of biotechnology for many years.
New research may lead to improved methods for removing color and reducing AOX.

vears. However, it still ean take
anywhere from $100,000 to $300,000
per year and consume up to three
scientist-years to isolate and clone a
recaleitrant gene (9). But the methods
are available, and practitioners con-
sider them quite routine.

Researchers’ ability to isolate and
manipulate foreign genes is outpacing
our ability to know which genes to
manipulate—that is, to decide which
traits we want to confer or modify.
There are two reasons for this. First,
the length of time it takes to generate
trees makes it difficult to carry out
quickly enough the cause-and-effect
research needed to guide gene manip-
ulation. Second, the forest industry
has yet to reach a consensus on which
traits it would consider of high enough
value to justify the up-front cost of this
research.

On the other hand, a spokesman for
the U.S. Forest Service recently
asserted that his agency does have a
policy and is setting up a series of joint
government-university research col-
laborations to tackle some of the key
problems (10). Also, in 1988, Westvaco
Corp. announced the addition of a new
biotechnology research facility at its
Forest Science Laboratory in Sum-
merville, 8.C. According to Edward
G. Owens, director of forest research,
scientists in the new facility will work
on developing reliable vegetative
mass-propagation systems for genet-
ically superior pine and hardwood
trees. They also will explore tech-
nigues for identifying specific genes

that influence tree characteristics,
fiber quality, and tree health. Perhaps
these announcements signal move-
ment toward consensus within the
forest industry.

Techniques for accomplishing Step
2—the transfer and incorporation of
foreign DNA into the plant cell ge-
nome—are likewise coming to hand.
Five principal methods have been
disclosed (11):

1. Agrobacterium-mediated trans-
formation of plant cells using the
Ti plasmid vector system from
Agrobacterium tumefaciens or A.
rhizogenes

2. Direct microinjection of proto-
plasts (Fig. 2)

3. Polyethylene-glycol-stimulated up-
take of DNA by protoplasts

4. Electroporation of protoplasts

5. Ballistic injection of DNA-coated
gold or tungsten particles through
cell walls,

Of these methods, Agrobacterium-
mediated transformation has become
a “workhorse” system for shuttling
foreign DNA into the genomes of
dicotyledonous plants. Electropora-
tion and ballistic injection also show
promise, with ballistic injection re-
ceiving the lion’s share of recent
attention. Two types of ballistic injec-
tion devices have emerged. One was
developed by scientists at Cornell
University (12, 13) and was recently
acquired by the DuPont Co. The other
was developed by Agricetus, a bio-
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2. Plant cell protoplasts. To successfully apply biotechnology to tree improvement, genes must

be transferred info the plant cell genome.

technology company located in Mid-
dleton, Wis. (14). Laboratories cur-
rently working with ballistic injection
to bring about the transformation of
important tree species include the
University of Wisconsin, Oregon State
University, and North Carolina State
University.

The number of plants that have
been successfully transformed by one
or another of these methods stands at
48, On this list are several important
tree species, including poplar, walnut,
apple, alder, birch, sweetgum, and
eucalyptus, and the conifers Douglas-
fir, loblolly pine, sugar pine, white
spruce, Sitka spruce, and Englemann
spruce. )

Step 3—regenerating a whole
transgenic plant from the trans-
formed cell—continues to be a bottle-
neck. Success was reported early for
poplar (15, 16), but transgenic plants
have not been reported for any other
important pulpwood species, though
all of the elements needed to produce
transgenic plants have seemingly
been demonstrated.

Current status of genetic
engineering work

Despite the bottleneck in recovering
transgenic trees, at least two research
groups have decided to press on with
genetic manipulation studies. These
scientists reason that by the time they
have gene constructs in hand for
manipulating important traits, some-
body surely will have developed the
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required transformation and regener-
ation technology for commercially
important pulpwood species. Both of
these groups have chosen to work on
manipulating the process of lignin
formation in conifers.

Why should this be of value to the
industry? Consider just the kraft
pulping process. In kraft pulping, the
ease of lignin removal is directly
proportional to the ratio of syringyl
units to guaiacyl units in the lignin
(17). Syringyl precursors produce a
less cross-linked lignin polymer than
guaiacyl precursors, and it is easier
for the pulping chemicals to break
down and dissolve such a polymer.

Thus angiosperms, whose lignins
contain both syringyl and guaiacyl
units, can be pulped not only by the
kraft process but also by virtually all
of the other known or emerging
processes, with less expenditure of
chemicals and energy and in less time
than gymnosperms, whose lignins
consist solely of guaiacyl units{18-20).
But pulps from gymnosperms are
preferred for many applications be-
cause the fibers are generally longer
and stronger than those from angio-
sperms {18). Thus, manipulating
lignin composition in gymnosperms to
be more like that of angiosperms
would produce substantial economic
gain by virtue of the savings in time,
chemicals, and energy required for
pulping. The saving in chemicals
alone has been estimated at close to
$6 billion annually for the total U.S.
kraft pulping industry (20). Control-

ling the amount of lignin formed in
the wood would yield economic gains
of like magnitude.

Many enzymes (and therefore sev-
eral genes) are involved in the total
lignin biosynthesis process (21), but
both the amount and type of lignin
formed depends on just a few key
steps.

Entry into the lignin precursor
pathway is governed by the enzyme
phenylalanine ammonia lyase (PAL,
Fig. 3), a well-characterized enzyme
for which genes already have been
isolated from several sources (22-24).
Reducing PAL activity through gene
manipulation might be one way to
control entry into the pathway and
reduce the amount of lignin formed
(25).

At the other end of the pathway,
cinnamyl alcohol dehydrogenase
(CAD) enzymes specific to the lignin
pathway (designated E3’ and E8" in
Fig. 3) catalyze the formation of
coniferyl and synapyl alcohols, the
precursors that actually polymerize to
form lignin. Controlling the levels of
these precursors, by controlling
lignin-specific CAD activity, might be
vet another way to reduce the amount
of lignin formed (26).

Isolating a lignin pathway-specific
CAD gene and particularly its pro-
moter sequence would provide us, in
addition, with a signal that is specific
for the time and place of lignin
formation. Such a promoter would be
useful for genetic manipulation of
other events that take place in ligni-
fying tissue. Using as a probe the gene
for another type of alcohol dehydroge-
nase previously isolated from pine,
researchers at North Carolina State
University hope to isolate the lignin-
specific CAD gene and then investi-
gate some of these possibilities (26). In
this regard, Grand and Boudet (27)
have isolated the lignification-specific
CAD gene from mung bean and have
reported that their group is setting up
an experiment to alter lignin forma-
tion in that plant system.

As for the type of lignin formed, this
is governed by the presence or absence
of two enzymes in lignifying tissue:
ferulate 5-hydroxylase (E7 in Fig. 3)
and difunctional o-methyl transferase
(E8) (21). Gymnosperms lack E7, and
gymnosperm E8 will not catalyze the
reaction that forms syringyl precur-
sors. If genes coding for the two
corresponding angiosperm enzymes



3. Pathway for biosynthesis of lignin. (Enzymes E are defined as follows. E1, E1', E1”, hydroxycinnamate-CoA ligase. E2, E2", E2": hydroxycinnamoyl-
CoA reductase. E3, E3, E3"; cinnamy! alcohol dehydrogenase. £4, E4', E4”: peroxidase. E5: p-coumarate 3-hydroxylase. E6 and E8: hydroxycinnamate
O-methyltransferase. E7: ferulate 5-hydroxylase. PAL: phenylalanine ammonia-lyase. TAL: tyrosine ammonia-lyase.) (27)
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could be incorporated into the gym-
nosperm genome, then a gymnosperm
capable of producing angiosperm-
type lignin ought to result. This is a
line of research being pursued by a
group of scientists at Michigan Tech-
nological University, who are work-
ing to isolate the genes for angiosperm
E7 and angiosperm ES from actively
lignifying tissues of aspenwood. They
are reported having the aspen K8
gene in hand, but they are still at the
stage of sequencing to verify its
identity (28).

Biotechnology for pulping,
bleaching, and dissolving
pulps

Biopulping

White-rot fungi and many other
organisms attack lignin in wood,
which raises the question of whether
biological means may be used for
pulping (7). One of the first attempts
to exploit this opportunity was in
pretreating wood for mechanical

pulping. In 1971, an unpublished
cooperative study between the U. S.
Forest Products Laboratory and
North Carolina State University
showed that aspen wood pretreated
with Fomes ulmarius gave refiner
mechanical pulps with better paper
strength properties than untreated
aspen wood refined with the same
amount of energy (29). In Sweden,
Ander and Eriksson (30) found in the
laboratory that birch and pine woods
slightly delignified by a cellulase-
negative mutant of Phanerochaete
chrysosporium required 25-30% less
energy for refining and gave pulps
with better strength properties than
controls. However, subsequent at-
tempts 1o scale up their approach for
an industrial evaluation met with only
indifferent success (31, 32).

One problem with fungal pretreat-
ment is that the time required is a
matter of weeks. This delay has led to
suggestions that treatment might be
carried out in connection with chip
transport or storage or that treatment

time could be reduced to days or even
hours by optimizing the fungal strain
and treatment conditions (7). Work
toward the goal of optimizing treat-
ment has continued in a number of
laboratories. In Japan, Akamatsu et
al. (33) compared TMPs made from
aspen wood pretreated with any of 10
different white-rot fungi to TMP
made from untreated aspen wood.
None of the 10 fungi were lignin-
specific, yet each of them reduced
refining energy by about 25%, and
three of them gave pulps with some-
what improved paper strength prop-
erties. At the University of Minnesota
and the U. S. Forest Products Labo-
ratory, Blanchette ¢t al. (34) have
found that even with lignin-specific
organisms, the strain of white-rot
fungus employed and the type of wood
substrate treated may significantly
influence the rate of lignin degrada-
tion and the selectivity of lignin
removal. Therefore, it should be
possible to select and optimize strains
for lignolytic activity on particular

April 1990 Tappi Journal 201



B

=2
‘g
g
]
2

wood substrates.

In a recent publication from the
same laboratories, Myers et al. (35)
described a solid-substrate bioreactor
used to treat aspen wood chips prior
to refiner mechanical pulping. As in
the earlier studies, the strength prop-
erties of “biopulps” prepared from
chips treated in this bioreactor have
been better than controls when com-
pared at equal freeness, but treatment
times are still on the order of weeks.

In the mid-1970s, researchers fo-
cused on the basidiomycete Phanero-
chaete chrysosporium for detailed
biochemical study. In 1983, two labor-
atories reported the discovery of a
lignin-degrading enzyme (ligninase
or lignin peroxidase) from this orga-
nism (36, 37). Since then, ligninase has
been studied extensively in many
laboratories. Much has been learned
about its mode of action, as well as
about other enzymes and metabolites
involved in degrading lignin (38-40).
The key reaction is ligninase-
catalyzed one-electron oxidation of
aromatic rings in lignin to form cation
radicals. These radicals degrade via
many spontaneous reactions, some of
which cleave intermolecular linkages
in lignin and some of which cleave
aromatic nueclei. The ligninase-
catalyzed oxidation requires extracel-
lular H20;, which means that the
enzyme system supplying that cofac-
tor is also a key component of the in
vivo lignin-degrading system. A se-
cond peroxidase (termed manganese
peroxidase) also is involved, but its
role is not yet clear.

Another result of this focus on P.
chrysosportum has been to markedly
increase ligninase production. En-
zyme activities in early cultures were
low (40), but improvements in strain
and the optimization of culture pa-
rameters have improved activities
200-fold (41).

Ligninase exists as multiple isoen-
zymes (42), coded for by at least three
closely related structural genes (43,
44). Complementary DNA (¢DNA)
sequences have been published for
these genes (45, 46), and Smith et al.
(45) recently cloned and sequenced a
native ligninase gene whose coding
region was virtually identical to one
of these cDNAs.

A ligninase gene has been ex-
pressed in Eschericia colt (45), but the
ligninase produced was not catalyti-
cally active. However, Farrell et al.
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(46) were able to reconstitute an active
enzyme by inserting a protoheme
moiety tn vitro.

To sum up, biopulping research is
currently following two tracks. The
first is to use the white-rot organisms
as pretreating agents for subsequent
mechanical pulping. The second is to
use the isolated ligninase enzymes. In
the first case, the challenge still is to
optimize the organism for the wood
being treated and thus bring down the
treatment time. In the second case, the
thrust seems to be to produce the
enzymes via recombinant DNA tech-
niques and then to reconstitute an
enzyme system that will duplicate in
vivo lignin degradation.

In the United States, a consortium
of 13 pulp, paper, and chemical
manufacturers, along with the U. S.
Forest Products Laboratory and the
University of Wisconsin, is pursuing
the white-rot organism route (47).
Repligen Sandoz Research Corp. is a
company in the United States that is
active in developing recombinant
DNA ligninases for pulping and other
purposes.

Several “ligninase clubs” also exist
worldwide. In France, the National
Institute of Agronomic Research
(INRA)has a heavily funded program
that also involves the French company
La Cellulose du Pin. In 1987, La
Cellulose du Pin and the Finnish
Sugar Co. announced the formation of
a joint venture company called “Bio-
pulp International” to develop and
market enzyme applications for pulp
and paper production. The Swiss
Federal Institute of Technology also
is said to have a well-funded program.
The Swedish Forest Products Labor-
atory (STFI) is still active as well,
although less active than in previous
years. In Japan, Kobe Steel recently
announced that it has found a way to
use a strain of white-rot fungus to
produce a high-quality wood pulp for
about $40-50 per ton and is working
with researchers at Kyushu Univer-
sity to overcome the long processing
time required. Also in Japan, Oji
Paper Co., Japan’s largest paper
manufacturer, is working on develop-
ing a recombinant lignin-degrading
enzyme for pulping.

Biobleaching

The idea of removing lignin from
kraft pulp with lignolytic organisms
has been around for at least ten years.

In 1979, Kirk and Yang (48) treated
unbleached kraft pulp with intact
cultures of P. chrysosporium and got
partial delignification. No bleaching
occurred, but the amount of chlorine
required for subsequent bleaching
was reduced by 27%. More recently,
Paice et al. (49) treated unbleached
hardwood kraft pulp with another
white-rot fungus, Coriolus versicolor,
and found that it bleached the pulp by
up to 15 brightness points. The organ-
ism was not effective on softwood
pulps, however.

The slow pace of the fungal systems
presents the same obstacle for bleach-
ing as it does for pulping, so isolated
ligninases have been looked at as well.
Egan (50) has reported that ligninases
will depolymerize lignin and, in
combination with an extraction stage,
will partially bleach kraft pulp. Other
workers have not enjoyed the same
success. Viikari et al. (51) found that
ligninases isolated from the white-rot
fungi Phlebia radiata and P. chrysos-
porium had no detectable effect on
either the kappa number or the
brightness of a pine kraft pulp when
applied to the pulp directly. If applied
after a hemicellulase treatment, the
ligninases did seem to have a slight
positive effect on the kappa number.

The use of hemicellulase enzymes
offers an alternative approach to
biological bleaching. Lignin is now
known to be covalently bound to
hemicelluloses in wood and pulp (52).
Viikari and coworkers (53) showed
that cleaving this bond by treatment
with hemicellulase enzymes does
indeed facilitate lignin removal from
both pine and birch kraft pulps. They
reported a 25% reduction in the con-
sumption of active chlorine by their
pretreated pine kraft pulp or, for the
same charge of active chlorine, delig-
nification to lower kappa numbers
than the reference pulp. They also
reported a significant reduction in
chlorine dioxide consumption by a
hemicellulase-treated pine kraft pulp
when it was subsequently bleached to
89-90% ISO brightness by a
(D))EDED sequence. Papermaking
properties of the hemicellulase-
treated pulp were similar to those of
the normal pulp. Finally, Viikari et al.
(51) reported that kappa numbers of
unbleached pine and birch kraft pulps
were both reduced by 50% from
original values by treating the pulps
with hemicellulase followed by perox-



ide, with an increase in brightness
concomitant with the reduction in
kappa number. These pulps were
comparable to chlorine-bleached
pulps.

The hemicellulase systems used by
Viikari and coworkers (51, 53) were
endoxylanases and g-xylosidases pro-
duced by three organisms—Asper-
gillus awamori, Streptomyces olivoch-
oromogenes, and Bacillus subtilis.
Hemicellulases from the first two
organisms were more effective than
those from the third, and some de-
crease in pulp viscosity was expe-
rienced, suggesting that some cellu-
lase activity occurred, with cellulase
present as an impurity in all prepa-
rations. Bernier et al. (54, 55) have
produced clones of E. coli that produce
endoxylanase and B-xylosidase in the
absence of cellulase. Paice et al. (56)
and Juracek and Paice (57) have used
these pure enzymes to increase the
rate of lignin removal from pulp,
reducing kappa number and increas-
ing brightness, while fully retaining
pulp viscosity and strength proper-
ties.

Bleaching with hemicellulase en-
zymes has shown enough promise to
attract potential suppliers to work on
inexpensive, rapid methods for bulk
purification of these enzymes. Forin-
tek Canada Corp. is one such company
and has published information about
its process (58), which utilizes the
fungus Trichoderma harzianum.
Enzyme-treated pulps also have been
evaluated in the laboratories of pulp
and paper companies (59).

Enzyme treatment for dissolving
pulp
Biological alternatives to alkaline
extraction of hemicellulases from
dissolving-grade pulps has received
little attention to date. Paice and
Jurasek (60) evaluated the ability of
xylanase from Sechizophyllum com-
mune to remove residual xylan from
a bleached hardwood pulp for the
industrial production of dissolving
pulp. The xylan content was partially
reduced, but pulp viscosity was de-
creased markedly. Using a cellulase-
free xylanase produced by an E. coli
clone (54), partial removal of xylan
was again obtained, but now pulp
viscosity was retained completely (57).
There is room for much more to be
done here. Although only a small
segment of the pulping industry

manufactures dissolving pulp, it is
nevertheless an important segment.[]
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