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EXECUTIVE SUMMARY

Poplar breeders in the United States
have focused on raising adaptability, growth
rates, and pest/stress resistance. Significant
increases have been achieved via classical
selection and breeding along with
intensified cultural practices. Efficiencies
have also been gained in harvesting and
handling. Considering the aforementioned
improvements in productivity, the time
seems optimal for choosing feedstock
qualities to modify and for undertaking the
necessary research and devel opment.
Indeed, shortened rotations resulting from
past research mean that opportunities for
modifying feedstock qualities can be
exploited more easily. Many poplars are
propagated clonally, thereby permitting
rapid, inexpensive propagation of valuable
variants. Thus, poplars seem an idea venue
for testing and applying techniques to
improve feedstock quality, e.g., reduced
lignin content.

Opportunities for manipulating
feedstock quality have long been recognized
but have largely gone unrealized because of
uncertainties over which traits to modify for
what process. Quality changes can affect
process efficiency in numerous ways, but
reliable information concerning impactsis
sparse. Process specialists must cooperate
with breeders and growers to identify
leverage points and quantify impacts such
that economic weights can be combined
with genetic information to plan and execute
effective modification strategies. The
outcome could be poplar varieties better
suited to process requirements, and more
likely to reduce ethanol production costs
than varieties with only increased growth.

Measurement methods that are
accurate, rapid, and inexpensive, and that
rely on small, nondestructively collected
samples are needed for genetic modification

of feedstock quality. Recent advancesin
instrumentation, methods, and economy
have been significant and are opening the
way to efficient modification of wood
chemical and physical properties and,
perhaps, even to specifying processing
conditions for different feedstocks.

Classical selection and breeding can be
used to reduce lignin content, albeit slowly.
Raising cellulose content is more difficult,
given its weak genetic control and negative
relationship to growth. Both might be
altered more efficiently viainterspecific
hybridization to expand ranges of genetic
variation and clona propagation of
outstanding offspring. Asan alternative,
breeding might better focus on specific
gravity or dry wood production, a highly
heritable trait likely to have indirect but
favorable effects on lignin and cellulose
contents. Positive outcomes would accrue
in production (e.g., harvesting and
transportation) as well asin processing (e.g.,
more cellulose and less lignin). This tack
seems particularly useful in that products
would be attractive to a variety of
customers.

Developmentsin molecular biology
have led to detection of genetic markers
associated with useful traits. The pace of
development has been rapid, and further
improvements in utility and economy can be
expected, if only from undertakings such as
the Human Genome Project. In theory,
markers can be used to screen breeding
materials and/or offspring from crosses
among selected parents at early ages. Only
those with desired markers would be tested
in the field or moved into production, and
years of testing large numbers of individuals
with uncertain value could be avoided.

Markers are available for identifying
poplar genotypes, aconsiderable aid to



managing breeding programs, and for usein
research on poplar taxonomy, hybridization,
and genetic variation. Such markers may
soon be extended to early determinations of
gender and monitoring potential for gene
flow from transgenic trees. As concerns
selection, markers available to date have
proven useful only for qualitative traits, e.g.,
disease resistance, or that are highly
heritable, difficult and/or expensiveto
measure, and of high value. Most traits
affecting feedstock quality, however, are
quantitatively, rather than qualitatively,
inherited, and useful markers have proven
difficult to identify. Also of concernis
unreliability over the diversity of
populations and families used in breeding,
tree ages used even in short-rotation
forestry, and environments encountered in
commercial programs. In consequence,
most investigators argue that marker-aided
selection is not ready for application, and
that investigations should focus on
identifying and dissecting quantitative trait
loci. Results could one day allow
describing quantitative traitsin terms of
gene numbers, individual gene effects, and
modes of action as well as discerning the
basis of heterosis. In addition, candidate
genes thus identified might be used to
investigate gene function and perhaps
transform individuals with other desirable
traits.

Genetic transformation has been
advocated as a desirable and feasible means
of improving wood physical and chemical
properties. A host of U.S. and offshore
investigators are pursuing research on this
front to good effect, particularly as concerns
lignin and cellulose contents. Transgenic
poplar trees with significantly reduced
lignin and increased cellul ose contents have
been produced and are being evaluated
under controlled field conditions.
Transformants are growing faster than
nonmodified controls, and are
morphologically and anatomically normal.

Vi

Commercialization is only a matter of time,
perhaps 5-10 years.

Severa concerns could impede
commercialization. Perhapsthe major
obstacle is public concern that transgenic
trees will spread so-called foreign genesto
natural populations. One means of
minimizing, if not avoiding, thisrisk isto
render transformants sexually sterile.
Research has progressed rapidly, and
genetic constructs should be ready for usein
poplars within 5-10 years. Other benefits
may also accrue; eliminating reproductive
structures could channel more energy,
water, and nutrients into wood production.
Concern also exists about mechanisms for
commercialization. Developing and
applying transformation technology is
expensive. Licensing feesarealso a
worrisome issue, since organizations
engaged in transformation research
generally patent their creations. Timely
technology transfer may require fostering
growth of independent |aboratories that
license genetic constructs, effect
transformation, and propagate transformants
for pools of breeders, nurseries, and/or
growers.

Coproducts clearly could increase
feedstock values, and trees could be
modified to produce a variety of useful
materials. Even so, genetically modifying
poplarsto yield valuable products, e.g.,
pharmaceuticals, while also striving to
increase growth and feedstock quality would
complicate matters and raise costs. The
more that coproduct characteristics diverge
from those optimized for ethanol
conversion, the greater the difficulty and
expense. Some coproducts, however, are
compatible with ethanol production, e.g.,
high value solid wood products such as
molding and trim, veneers, and furniture
parts. Accordingly, this seems the best
approach to development of poplar
coproducts over the near term.

Balanced support of additional
research, development, and technol ogy



transfer is essential to ensure that dividends
from the af orementioned advances are
realized in areasonable time frame. Poplar
feedstock bred for rapid growth and high
dry wood substance production and
genetically transformed to have lower lignin
and heightened cellul ose contents stand to
have tremendous impact on ethanol
production efficiency.

RECOMMENDATIONSFOR
RESEARCH, DEVELOPMENT, AND
APPLICATION

Ethanol Conversion Processes

e Theimpacts of changesin poplar
feedstock quality on process efficiency
must be clarified. Analysesto date
have focused largely on costs of
growing, harvesting, handling,
transportation, and storage. Few have
addressed changes in chemical and/or
physical properties, which can affect
process efficiency in numerous ways
and at avariety of pointsin the
process. Breeders and growers must
know which traits to modify and how
to modify them for which process, as
well as how they will be compensated
before investing time and dollars to
effect change. Definitive, real-life
trials with feedstocks of differing
qualities are needed to determine
effects of changes on each of the many
stepsin individual processes, and to
quantify the economic value of such
changes. Research onthesefrontsis
of the highest priority.

Feedstock Quality M easurement

»  Efficient genetic modification requires
that feedstock characteristics be
measured accurately, inexpensively,
and nondestructively. Sponsoring
further research on and development of
efficient instrumentation and methods
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should bring yet new capabilities,
heightened availability, and further
cost reductions. Fostering
establishment and growth of
independent testing laboratories also
seems aworthy goal.

Classical Selection and Breeding

»  Poplar breeding and growing programs
seem sufficiently mature to add
objectives targeted at improving
feedstock quality. Breeding effortsin
future should be designed to reduce
costs and raise efficiencies at all
significant leverage pointsin the
production and processing system.
Accomplishing this requires selection
indices that combine genetic data with
economic weights associated with
impacts on process leverage points.
Stimulating collaborative research,
development, and application activities
among breeding and process specialists
isacritical need and demands
immediate attention.

*  Genetic information about important
quality traits, asinferred above, is
adequate for the short term. For the
long term, however, more and better
information is needed. Morereliable
data on extent of genetic variation and
control would be useful. Of particular
concern, however, is dataon
relationships among quality traits and
growth, correlations across ages, and
genotype X environment interactions.
Results are prerequisite to devel opment
of the selection indices described
above, and the associated research is
therefore of high priority.

*  Interspecific hybridization offers one
means for increasing the generally
narrow ranges of genetic variation in
most quality traits, especially lignin
and cellulose contents. Future



breeding efficacy demands that such
techniques be evaluated. Poplar
species are quite numerous, and many
can be cross bred with relative ease.
Research on expanding variability and
acquiring heterosis, therefore, holds
considerable promise and commands at
least moderate priority.

Data on genetic variation and control
of hemicellulose content in poplars are
especially scarce. Recent reports on
Eucalyptus species suggest significant
variation and strong control. Research
on genetic parameters therefore seems
warranted, given the potential for
increasing carbohydrate content and
lessening hemicellulose-lignin
linkages.

Modifying quality traits in addition to
lignin, cellulose, and specific gravity
could have merit. Reduced moisture
content could have effects similar to or
complementary to high specific
gravity. Reducing extractives, ash, and
bark amounts, naturally low in poplars,
could have favorable, though
incremental, impacts. Informationis
limited on the extent to and means by
which such traits can be modified.
Research to acquire needed genetic
data seems warranted, but is best
pursued within investigations of the
most influential traits.

Genetic Markersand Maps

Genetic marker technologies, even
now, are being used to identify poplar
genotypesin classical selection and
breeding programs. Continued
development of gender determination
markers would do much to reduce costs
and increase efficiency. Extension to
monitoring potential gene flow from
transgenic trees to natural populations
would constitute avaluable
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contribution to public acceptance of
genetic transformation and, therefore,
deserves high priority.

The fact that genetic markers currently
seem useful only within families and
for alimited suite of traits greatly
restricts application. Costs of both
development and application are high
and could drain resources from
classical selection and breeding.
Meaningful use awaits development of
markers that are generalizable across
species; populations and families;
environments; ages, and generations.
To best achieve these ends, future
research should be aimed at identifying
and analyzing quantitative trait loci,
especially those related to cell wall
biosynthesis. Quantitative trait loci
analyses for trait dissection and
candidate gene analysis and
expression, aswell as mechanisms
underlying heterosis, also deserve more
attention. Future research in these
areas should be pursued with diverse
genetic backgrounds, large sample
sizes, and clonal replication across
multiple sites.

Attention should also be given to
devel oping consensus genetic maps
such that markers and other genetic
information can be transferred freely
across genetic backgrounds, including
both poplars and other well-known
model species.

Research to verify and validate marker
applications should be given high
priority and should involve paired
comparison trials, i.e., trees chosen on
the basis of marker technologies versus
trees obtained via classical selection
and breeding, spanning all or most of a
rotation and involving several
environments. Such trials should give
particular attention to establishing the



economic feasibility of marker
applications.

e Advancesin marker technology are
likely to be accompanied by formation
of not only more but a'so more
sophisticated university/industrial
cooperatives and private service
laboratories. Fostering growth of such
enterprises would facilitate application
of any marker technologies that prove
useful to poplar breeding.

Genetic Transformation

*  Methods for poplar transformation are
available, and a number of genes have
been inserted and expressed in various
species and hybrids. Poplars actually
are considered models for such
research, given the ease with which
many can be manipulated and
regenerated from cell and tissue
cultures. Improvementsin
transformation efficiency and
extension to wider arrays of genotypes,
however, remain important research
needs.

*  Genetic transformation has been used
successfully to reduce lignin and
increase cellulose contents. To date,
most genetic interventionsin lignin
biosynthesis have been done at the
level of precursor synthesis. Support
of thislargely successful research
should be amplified and extended to
include that on the physiology,
biochemistry, and genetics of precursor
transport, storage, deposition, and
polymerization. Intervention at late
pointsin lignin biosynthesis could have
less effect on other metabolic
processes than precursor manipulation.
Given the utility of low lignin content,
accelerated research on such topics
seems essential.

Information on cellulose biosynthesis
isless abundant than that on lignin.
Accordingly, arguments given above
for continued support of lignin
research also apply to that on cellulose.
Modifying both lignin and cellulose
contents should have significantly
beneficial effects on ethanol
production efficiency.

Expression of transgenes in appropriate
tissues and developmental stagesis
critical to successful genetic
transformation. Much transformation
research done to date has been
conducted with constitutive promoters.
Results have been spectacular, but
xylem specific promoters are needed if
outcomes are to be practical and stable.
Research on identifying, isolating, and
applying native promoters warrants
acceleration.

Despiteinitial successes, the
possibility remains that modification of
lignin/cellulose biosynthesis via
genetic transformation will have
detrimental effects on survival, growth,
pest resistance, and/or other tree
functions over the length of arotation.
Provision for research on stability and
delayed responses is therefore
important.

Potential spread of so-called foreign
genes from transgenic trees into natural
populations is a major worry to the
public. Minimizing thisrisk seems
best accomplished by inducing sexual
sterility in transformed trees. Research
isthis area has been productive, but
continued support is critical for
eventual realization of the substantial
benefits resulting from genetic
transformation.

M echanisms for commercialization of
transformed trees also merit attention.



Few breeders; nurseries, and growers,
including some large but research-shy
companies, have the financial
wherewithal to license genetic
constructs or plant materials, transform
their own breeding materials, and/or
engage in joint ventures with
transformation research organizations.
Accordingly, developing and
stimulating means for timely
technology transfer may be necessary.

Coproducts

Profitability of ethanol conversion
could be enhanced by modifying trees
to yield high value coproducts, but the
modifications required to produce
many such materials do not seem
feasible. Changes compatible with
ethanol processing, e.g., solid wood
products, may be workable, especially
over the near-term. Stimulating
production of enzymes used in ethanol
processing also seems lucrative, and
research on this front deserves
expansion.



INTRODUCTION

The Bioenergy Feedstock
Development Program, Environmental
Sciences Division, Oak Ridge National
Laboratory is developing poplars (Populus
species and hybrids) as sources of
renewable energy, i.e., ethanol. Notable
increases in adaptability, volume
productivity, and pest/stress resistance have
been achieved via classical selection and
breeding and intensified cultural practices.
Significant advances have also been madein
the efficiencies of harvesting and handling
systems. Given these and anticipated
accomplishments, program leaders are
considering shifting some attention to
genetically modifying feedstock physical
and chemical properties, so asto improve
the efficiency with which feedstocks can be
converted to ethanol.

Thisreport provides an in-depth
review and synthesis of opportunities for
and feasibilities of genetically modifying
feedstock qualities via classical selection
and breeding, marker-aided selection and
breeding, and genetic transformation.
Information was collected by analysis of the
literature, with emphasis on that published
since 1995, and interviews with prominent
scientists, breeders, and growers. Poplar
research iswell advanced, and literature is
abundant. The report therefore primarily
reflects advances in poplars, but data from
other species, particularly other short-
rotation hardwoods, are incorporated to fill
gaps.

An executive summary and
recommendations for research,
development, and technology transfer are
provided immediately after the table of

contents. The first major section of the
report describes processes most likely to be
used for conversion of poplar biomass to
ethanol, the various physical and chemical
properties of poplar feedstocks, and how
such properties are expected to affect
process efficiency. The need is stressed for
improved understanding of the impact of
change on both overall process and
individual process step efficiencies. The
second part documents advancesin trait
measurement instrumentation and
methodolgy. Theimportance of these and
future developments is emphasized, since
trait measurement constitutes the largest
cost associated with adding additional traits
to improvement efforts, regardless of
genetic approach.

In subsequent sections, recent and
projected advancesin classical selection and
breeding, marker-aided selection, and
genetic transformation are documented and
used to evaluate the feasibility of individual
approaches. Interviews with specialists
engaged in research and development on
each approach were given particular
emphasis in gauging feasibilities and
defining future needs and directions.
Summaries of important findings and major
conclusions are presented at the end of
individual sections. Closing portions
describe the targeted workshop, conducted
in December 1999 and list interviewees and
literature cited in the text. Information
obtained at the workshop was used to
improve accuracy, refine conclusions, and
recommend priorities for future research,
development, and technology transfer.



FEEDSTOCK QUALITY AND ETHANOL CONVERSION
PROCESSES

Conversion of biomass feedstocks to
ethanol generally involves using acids
and/or enzymes to separate constituents and
split cellulose and hemicellulose into
individual sugar molecules. Simultaneously
or subsequently, sugars are fermented to
ethanol. Sugars derived from hemicellulose,
however, are sometimes used or sold for
manufacture of coproductsin an effort to
raise value of the biomass and improve
economics (see Coproducts). Residual
lignin and other wastes are captured and
partially dried for use as fuel to generate
process heat, steam, and electricity. Some
lignin may be separated and sold asa
coproduct. Over the last several decades, a
variety of conversion processes have been
investigated. Although several are being
used or are nearing commercialization, no
clear winners have emerged and research,
especially on cost reduction, continues.

Given the many origins, forms, and
compositions of commercially available
biomass, no single processislikely to be
ideal for all feedstocks. Feedstocks
containing high levels of contaminants, e.g.,
heavy metals, seem more amenable to acid
than enzymatic hydrolysis. Moreover,
processes may well have differing
sensitivities to changes in feedstock quality.
For these reasons, brief descriptions are
given below of those processes now
receiving significant research and
development. Major process requirements
and limitations are discussed along with
general characteristics so asto highlight
potential advantages/disadvantages of
changes in feedstock quality.

Processes deemed most likely to be
used in freeing sugars from biomass
feedstocks for ethanol production include:
Dilute Acid Hydrolysis, Concentrated Acid
Hydrolysis, and Enzymatic Hydrolysis.

DILUTE ACIDHYDROLYSIS

Regardless of process, biomass
feedstocks must be broken or shredded to
particles small enough to permit diffusion of
heat, acid, and/or enzymesinto their
structures. For dilute and concentrated acid
hydrolysis, fractionation to particle sizes on
the order of chips used in commercial
pulping for papermaking is satisfactory.

In dilute acid hydrolysis, dilute acid,
e.g., 1.5% sulfuric acid, is added and the
mixture heated to moderate temperatures
(140-160°C (280-320°F)), thereby
xreleasing most hemicellulosic (C5 and C6)
sugars. Cellulosic sugar (glucose, C6) is
then isolated by raising reactor temperatures
to 200-240°C (390-460°F). The elevated
temperature readily frees glucose, but
degrades some freed sugars. Substantial
reductions in overall sugar yields can occur,
and large proportions of C5 sugars are
degraded and rendered unavailable for
fermentation to ethanol or use as
coproducts. In addition, degradation
products inhibit organisms/enzymes used
for fermentation (Gregg and Saddler 1996).

Dilute acid hydrolysis has been used
on a production scale in some controlled
economies, e.g., the former Soviet Union,
where low yields and loss of C5 sugars are
tolerated (Glassner 09/01). The processis
not likely to be commercially viablein the
United States without modification to a two-
step system in which hemicellulosic sugars
are removed prior to temperature increase.
Division into separate steps, however, raises
capital and operating costs. Current low
prices for potential coproducts further
lowers economic attractiveness. Recent
research suggests that a more desirable
alternative involves eliminating the high
temperature step, and coupling the first low
temperature step with enzymatic hydrolysis.



CONCENTRATED ACID
HYDROLYSIS

Following reduction to optimal
particle size, concentrated acid, roughly
twice as concentrated as that used in the
dilute acid approach, and moderate
temperatures, similar to those described
above, are used to release both C5 and C6
sugars. Breakdown and removal are
accomplished in asingle step, degradation is
minimal, and high yields are obtained
(Goldstein and Easter 1992). Moreover, the
process is robust enough to handle difficult
feedstocks, i.e., those having variable
composition and containing large amounts
of contaminants, e.g., municipal solid
wastes. Probably the most serious drawback
of concentrated acid hydrolysisis the cost of
purchasing and recovering acid. Some
scientists (Ruth 08/18) affirm that acid
recovery has been improved, although
further cost reductions would help.

Research on concentrated acid hydrolysisis
aggressive, and the process is considered
one of the most promising (Goldstein and
Easter 1992).

ENZYMATICHYDROLYSIS

Enzymatic hydrolysis, or
saccharification, represents an attractive
approach to breaking cellulose and
hemicellulose into sugars. Since enzymes
are selective catalysts and operate under
mild pH and temperature conditions, they
can be expected to give high yields and
cause negligible degradation. Also, they are
of natural origin and biodegradable. The
challenge lies in minimizing costs of
enzyme production, use, and recovery.

In contrast to acid hydrolysis,
enzymatic processing requires pretreatment
beyond simple reduction to appropriate
particle sizes. Enzymes are large molecules,
and the physical structure of biomass
naturally limits access and activity. A

variety of pretreatments, physical and
chemical, has been evaluated. Recent
research, however, seems centered on steam
explosion and/or mild acid hydrolysis The
latter approach is quite similar to the dilute
acid hydrolysis described above. Adding
dilute acid and heating to moderate
temperatures frees hemicellulosic sugars,
increases porosity of the residual structure,
and renders cellul ose susceptible to enzyme
attack. Higher acid concentrations and
temperatures would lessen overall yields
and create breakdown products inhibitory to
enzymes (Gregg and Saddler 1995). Due to
some natural acidity and type of lignin,
simple steam explosion may be adequate for
pretreatment of poplars (Beatson 08/02).
Following pretreatment, cellulase enzymes
are added to hydrolyze cellulose to glucose
for simultaneous or subsequent
fermentation.

Interest in enzymatic hydrolysisis
great, and much research has been and is
being done to resolve limiting factors and
reduce costs (Wooley et a. 1999). Major
research areas include: improvement of the
fungi/bacteria used to produce enzymes;
proportions of cellulase types; simultaneous
versus sequential fermentation; reduction of
hydrolysis time; batch versus continuous
enzyme production and hydrolysis; and
enzyme recovery (Gregg et al. 1998).
Efficiency of enzyme recovery seems
critical; adsorption and binding of enzymes
to residual lignin removes significant
quantities of enzymes from hydrolytic
reactions and restricts recovery (Gregg and
Saddler 1996, Sewalt et al. 1997a). Lignin
quantity, rather than composition, seems the
major factor (Sewalt et al. 1997b). For
these reasons, modification of lignin content
is more important to enzymatic processes
than to acid-based processes. Nonetheless,
avariety of organizations view the process
with optimism and see numerous
opportunities for cost reductions (Glassner
09/01).



FERMENTATION OF C5 SUGARSTO
ETHANOL

In earlier times, fermentation of C5
sugars was considered problematic (Gregg
and Saddler 1995) due to limited
effectiveness of organisms/enzymes for
converting them to molecul es suitable for
fermentation to ethanol. Degradation
products from harsh pretreatments were also
found to inhibit activity. Much research
was therefore devoted to improve efficiency
via selection and/or genetic engineering, and
suitable organi sms/enzymes should soon be
commercially available. Inhibitory
breakdown products have been reduced via
coupling with steam explosion/dilute acid
hydrolysis pretreatment, but further research
is needed to limit formation of such
compounds, especially acetic acid. All
things considered, however, individuals
prominent in the field (e.g., Glassner 09/01,
Jeffries 10/14) seem satisfied that C5 sugars
can be used to increase overall ethanol
yields and no longer view this step as an
economic barrier.

Given the problems of converting C5
sugars to ethanol noted above, considerable
research has aso been done on using them
to manufacture high-value coproducts (see
Coproducts). In general, however, lucrative
markets are limited. This could changein
future, and markets for coproducts whose
values exceed that of ethanol may expand.
Cargill Corp. and Dow Chemical Inc., e.q.,
are forming ajoint venture to manufacture
biodegradabl e plastics from lactic acid,
which is derived from xylose, a major
constituent of hemicellulose. In addition,
DuPont Co. recently announced a
commitment to secure 25% of its revenues
from nondepl etable resources, rather than
petroleum, by 2010. Whatever the case,
conversion processes releasing C5 sugarsin
high yields with minimum degradation are
likely to be preferred over others.

KNOWN IMPACTS OF CHANGESIN
FEEDSTOCK QUALITY

A number of authors have published
economic and sensitivity analyses of factors
expected to influence conversion efficiency.
To date, most such analyses have been
based on simulation models and largely
have been confined to evaluating impacts of
volume growth, i.e., feedstock quantity and
costs of harvesting, handling, transporting,
and storing feedstocks. In arecent example,
Grado and Chandra (1998) demonstrated
that factors most affecting costs of ethanol
production from woody feedstocks were
process yields and harvesting costs.
Plantation yield played alesser role, and
inventory size and storage time aswell as
conversion facility size had even lesser
effects. Few published models directly
address effects, positive or negative, of
changesin feedstock quality. Some have
addressed the issue indirectly; e.g., Gregg et
al. (1998) showed that enzyme costs,
reaction time, and efficiency of enzyme
recovery were major limiting factorsin
enzymatic hydrolysis. Thus, lower lignin
content and lignin more easily separated
from other constituents are likely to
decrease processing costs, since lower lignin
content means less inactivation of enzymes
aswell as higher cellulose content. Wooley
et al. (1999) modeled anumber of factors,
affirmed critical importance of feedstock
growth rates and costs, and evaluated effects
of elevated carbohydrate contents. A
hypothetical 20% increase in cellulose and
hemi cellul ose contents was projected to
increase ethanol yields and lower processing
costs. Impact of the accompanying roughly
50% reduction in lignin content, however,
was said to reduce combustible residues to
the extent that some biomass would have to
be used to produce process heat and steam.

No recent literature was found
documenting actual experimental trials of
feedstocks with differing qualities. The
findings noted above neverthel ess suggest,



if only indirectly, that any reduction in
lignin and/or increase in cellul ose contents
would raise process efficiency and lower
production costs. Reducing lignin content of
feedstocks slated for enzymatic hydrolysis
would seem to have particularly high
potential for payback. Conversion
efficiency would be affected favorably at
several pointsin the process. Moreover,
modest reductionsin lignin content,
somewhat |ess than the 50% reduction
described above (Wooley et al. 1999),
should not harm process heat, steam, and
power generation, since excess electrical
power is often generated and sold at prices
that do not enhance overall profitability.
Regrettably, actual experimental trials
may not be possible for some time. Process
engineers desire relatively large quantities
of feedstocks vary significantly in quality
for testing. Similarly, feedstock breeders
and growers would prefer to know which
traits to modify before investing time and
money to produce biomass in the desired
guantities. This “Catch 22 situation must
be voided for progressto occur. After all,
changesin quality can affect processing at a
variety of points and in amultitude of ways
(Fig. 1). For example, denser feedstocks
containing less lignin and more cellulose are
likely to decrease harvesting, transportation,
handling, storage, and labor costs. They
could also lower both capital and operating
costs by requiring smaller reaction vessels,
less process steam and chemicals and/or
smaller quantities of enzymes. At the far
end of processing, modified lignin could
also affect quantity and quality of waste
water streams; chromophores released from
lignin arelikely to vary with lignin quantity
and composition. Clearly, definitive, real-
life tests are needed to determine effects of

feedstock quality changes on each of the
many stepsin individual processes.

CHARACTERISTICSOF
COMMERCIALLY AVAILABLE
FEEDSTOCKS

Botanical origin aswell as
morphological and anatomical
characteristics of biomass sources differ
considerably. Noteworthy variation also
occursin chemical composition (Table 1).
Most commercially available biomass
materials contain roughly 35-50% cellulose.
Hemicellulose, a shorter chain
polysaccharide, is the second most prevalent
carbohydrate. Thisfraction consists
predominantly of C5 sugars (e.g., xylose
and arabinose), with xylose being the major
C5 sugar in dicotyledonous woody plants,
herbaceous energy crops, and agricultural
residues. Various C6 sugars and acids
(e.g., glucose, mannaose, galactose,
rhamnose, and glucuronic acid), however,
are also represented. Such sugars often
contain substituent groups that contribute to
formation of inhibitory acids and phenolic
glucosides during processing. Lignin, a
phenylpropene 3-dimensional polymer,
comprises another 10-25% of the mass and
is the cementing material that holds cell
walls and individual cellstogether. Lignin
cannot be converted directly to ethanol and
is, therefore, either used asfuel or sold as a
coproduct (see Coproducts). Lignin hasan
energy yield closeto that of coal. The
remainder consists of extractives, protein,
starch, soluble sugars, and/or ash.

Based on average usable carbohydrate
content, the feedstock that is the concern of
thisreport, i.e., short-rotation poplars,
clearly iswell suited for conversion to
ethanol. That is, poplarsinherently contain
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Fig. 1. Hypothetical illustration of an ethanol conversion process from tree growth to
waste disposal and how genetic modification of certain feedstock quality traits might
improve efficiencies of certain steps. | mprovement of some qualities, e.g., lignin and
cellulose contents and specific gravity, could have favorable impacts on several steps.



Table 1. Generalized average chemical composition of major biomass sour ces
as adapted from Wyman (1993)

Biomass source Cdlulose Hemicellulose Lignin Other®
%

Short-rotation poplars 50 23 22 5

Herbaceous energy crops 45 30 15 10

Agricultural residues 38 32 17 13

Sorted municipal solid waste 45 o° 10 36

& Other = extractives, protein, starch, soluble sugars, and/or ash.
® Such feedstocks often contain a further 9% of carbohydrates other than cellulose and

hemicellulose.

more cellulose and less hemicellulose and
extraneous materials than most other
sources (Table 1), adistinct advantage if
ethanol production isthe objective. Viewed
another way, i.e., in terms of holocellulose
or the sum of cellulose and hemicellulose
contents, McLaughlin et al. (1996) found
that holocellulose content of switchgrass, an
herbaceous energy crop, ranged from
54-57%, compared to arange for poplars of
49-66%. Recent analyses of 4- to 5-year-
old hybrid poplar gave the following
compositional data: cellulose = 46%,
hemicellulose = 24%, holocellulose = 70%,
and lignin = 23% (Dinus 1999). Thus,
short-rotation poplars, even absent genetic
modification, seem as good as or better than
other feedstocks considered useful for
ethanol production. Although poplar lignin
content tends to be higher than that of other
sources (Table 1), levels are not excessive,
and reduction by breeding or other meansto
levelsin other commercially available
biomass could cause dramatic increasesin
desirability.

DESIRABLE CHANGESIN
FEEDSTOCK QUALITY

As described above, processes likely
to be used for conversion of biomass to
ethanol involve acid hydrolysis, enzymatic
hydrolysis, or some combination thereof.
Coupling dilute acid and enzymatic
hydrolysis seems especially promising. No
universally preferred process, however, has
emerged, and a balance may be required to
accommodate the many types of
commercially available feedstocks. Even
so, many feedstock quality characteristics
are of common interest, and most will not
differ markedly in effects on process types.
Described below are physical and chemical
properties of greatest value to most
processes; exceptions are noted where
appropriate.

Opportunities to match wood physical
and chemical properties to ethanol
CONVErsion process requirements are
manifold and have been long recognized
(Dinus et al. 1990). Attemptsto capitalize



on such opportunities, however, have been
limited by several concerns, not the least of
which has been uncertainties about which
properties to modify. Such uncertainties will
persist until more information is made
available concerning which traits are
important, how important they are relative
to one another, how their separate and
combined effects influence processing, and
whether increased efficiency can be effected
more economically by biological means
than by adjusting process technology.

Certain wood and supply
characteristics are valuable regardless of
process or product. For example, feedstock
costs are critical since they are amajor
component of overall manufacturing
expense. Assured supply across seasons
and years s likewise important. Uniformity
isalso akey feature; uniform raw materia is
easier and cheaper to handle and process.
Toward meeting these needs, past research
on breeding and growing poplars for
biomass energy focused on increasing
adaptability, productivity, and pest/stress
resistance (Tuskan 1998). Notable
increasesin yield and reductions in growing
costs have been achieved via classical
selection and breeding and intensified
cultural practices (Wright and Tuskan
1998). Research on these fronts continues,
and further gains are anticipated.

Viewed against this background,
concerted efforts to modify feedstock
quality seemstimely. Asnoted in preceding
sections, substantial ethanol yield
enhancements and process cost reductions
arelikely to result. Higher cellulose/lignin
ratios can have direct, measurable impact on
process efficiency. In addition, shortened
harvest rotations resulting from past
improvements in growth mean that
opportunities for modifying feedstock
quality can now be readily exploited.
Poplars routinely are propagated
vegetatively, thereby alowing for rapid,
inexpensive multiplication and planting of
useful variants. Poplars therefore seem an

ideal venue for testing and applying
techniques for modifying quality.

Lignin

Reduced lignin content should be a
major objective. Simply stated, lesslignin
equates to a higher proportion of
fermentable carbohydrates and therefore
higher ethanol yields. Reduction would also
improve access to carbohydrates by
reagents/enzymes, facilitate enzyme
recovery, and lower residue and effluent
quantities (Fig. 1). In addition, decreasing
carbon and energy flow to lignin
biosynthesis may increase amounts
available for growth—a distinct advantage
in terms of biomass supply and cost. On the
other hand, modifying lignin biosynthesis
could interfere with production of
compounds needed for defense against
insects and disease. The many unknowns
on this front, however, should not forestall
research on lignin modification. Rather,
they underscore the need for adequate
testing before widespread
commercialization. Radical reduction of
lignin content could lessen prospects for
sale of high-value coproducts or necessitate
purchase of process heat, steam, and power.
The former prospect seems unlikely for the
foreseeabl e future as current markets for
lignin byproducts are only amillion tons per
year (Northey 10/06, Rasmussen 10/08).
With regard to use as fuel, lignin residues
often exceed requirements, and surplus
electricity is sold at pricesthat do not add to
overall profitability (Glassner 09/01). Since
many currently accepted feedstocks contain
less lignin than poplars (Table 1), reducing
poplar lignin content to similar or lower
levelsisnot likely to increase fuel and
power costs.

Modifications of lignin composition
and structure may also be helpful, athough
there is much uncertainty concerning what
to modify and how any changes would
affect processing. Desirable changes would



be those that ease access to and removal of
carbohydrates by heat and acids or enzymes,
improve recycling of acids and enzymes,
facilitate removal of lignin residues, and
reduce volumes and chromophore contents
of effluents. Lessening frequency of
covalent linkages between lignin and
hemicellulose would be especially
advantageous. Changes might also be made
to render lignin residues more useful for
manufacture of coproducts having higher
value than fuel.

Some investigators have long
advocated increasing the proportion of
syringyl to guaiacyl lignin precursors, i.e.,
raising syringyl/guaiacyl ratios (SGR).
Syringyl monomers contain one more
methoxyl group than guaicyl monomers,
thereby reducing opportunities for cross-
linking in native lignin. During the
workshop conducted to review this report,
however, participants argued against such
changes since high SGR clearly facilitate
alkaline pulping as used in paper
manufacture, but would not ease
carbohydrate removal in the acidic
environments common to ethanol
conversion processes (Chiang 12/07, Sewalt
12/07, and 03/02). Indeed, lignin that isless
condensed in vivo could be more of a
problem than benefit. Degradation could
occur, with breakdown products becoming
mixed in the process stream to interfere with
carbohydrate breakdown, fermentation, and
separation of residues. Effluent volumes
could also rise and perhaps contain more
undesirable chromophores. Modifications
causing lignin to be lessreactive in acidic
processing might be a better goal.

Until more is known about the
benefits of modified lignin composition and
structure, research and related efforts seem
best concentrated on reducing lignin
content.

Cdllulose

Conversion of biomass to ethanol
entails breakdown of cell wall
carbohydrates to sugars and fermentation of
said sugars to ethanol (Fig. 1). Accordingly,
higher cellulose content directly translates
to greater ethanol production and process
efficiency. Theinverse relationship
between lignin and cellul ose contents
underscores advantages of reducing the
former. Raising cellulose content per se,
however, may bring additional benefits. For
example, evidence is accumulating that
cellulose content can be increased via
genetic transformation, and that such
modification increases growth (see
Transformation). In addition, results from
classical genetics research indicate positive
correlation between specific gravity and
cellulose content (see Classical Selection
and Breeding). Higher specific gravity
often results from increased proportions of
fibrous cells and thicker cell walls. The
thickening generally occurs in secondary
cell walls where the concentration of
celluloseis much greater than that of lignin.
Thus, cellulose content and traits affecting
it, e.g., lignin content and specific gravity,
deserve consideration in efforts to modify
feedstock quality.

Hemicellulose

Although means for reducing
hemicellul ose content are not immediately
available, reduction would increase the
amount of cellulose available for conversion
to ethanol. Modifying hemicellulose
composition may also prove beneficial. For
example, recent evidence suggests that
reducing lignin content via genetic
transformation also provokes changesin
quantities of C5 and C6 sugars (Hu et al.
1999). Increasing the proportion of C6



sugars in hemicellulose, e.g., glucose, would
raise overall process efficiency. Also,
possibilities should be investigated for
reducing number and length of side chains
and reducing acid content so asto diminish
frequency of linkagesto lignin, decrease
acid formation during processing, raise
solubility, and improve access to process
reagents. On the negative side, changing
hemicellulose quantity and/or quality, as
outlined above, would diminish quantities of
xylose available for coproduct manufacture,
and potentially decrease desirability of the
biomass for paper manufacture. Growers
could lose alternative markets and/or suffer
from lower pricesin those markets.

Specific Gravity

Increasing specific gravity along with
volume productivity per acre is expected to
have significant impact on conversion
efficiency. Improving volume growth alone,
of course, does much to increase feedstock
supply and reduce costs. By also raising
specific gravity, however, total mass of
carbohydrate would be increased above and
beyond that associated with rapid growth.
Higher specific gravity primarily results
fromincreases in fibrous cell numbers and
thicker cell walls, i.e., total wood substance.
Since secondary cell wallstend to have a
higher cellulose to lignin ratio, total
carbohydrate mass would be increased. As
noted above, genetic correlations between
specific gravity and cellul ose content
generally are positive; thus, raising specific
gravity resultsin greater mass—more
carbohydrate, less air, and potentially lower
moisture content. Greater mass per unit
volume means more carbohydrate harvested
per unit area and per unit of harvesting
equipment, transported per unit load, and
stored per unit inventory capacity (Fig. 1).
Lower costs should, therefore, accruein
these process steps. Greater mass of
carbohydrate al so means that more ethanol
can be produced per unit processing
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equipment and time, since conversion
equipment is density rather than volume
dependent. Indeed, a processing unit of
modest size using high specific gravity
wood should be less expensive to operate
than alarger one supplied with greater
volumes of lighter wood. Given that genetic
correlations between specific gravity and
growth tend to be negative, improving both
traits will require some extra effort by
breeders. More selections will have to be
bred and more offspring evaluated to ensure
progress on both fronts.

Moisture Content

Lower moisture content would have
much the same benefits as higher specific
gravity. Less moisture means more wood
substance manipulated during harvesting,
transportation, storage, and processing
(Fig. 1). Asreported earlier (Dinuset al.
1990), some potential exists for reducing
moisture content by means other than
physical drying after harvest and/or in
storage. That is, moisture content is under
some degree of genetic control; heritabilities
are variable but encouraging, and the trait is
not strongly correlated, positively or
negatively, to other quality traits. Some
poplar breeders have expressed interest in
the trait, but uncertainties are manifold. The
trait is affected by a host of developmental,
age, seasonal, and environmental variables.
Since little new information has
accumul ated, modification must be preceded
by more definitive research.

Extractives

Some compounds in this category,
e.g., storage compounds such as fats,
alcohols, and waxes, may contribute to
ethanol yields. Starches and soluble sugars
would have positive effects, but quantities
are quite low in poplars. In consequence,
overall effects of extractives could be
negative. Some compounds, e.g., tannins,



even if present in low concentrations,
interfere with activity of hydrolytic and
fermentative enzymes. In addition, certain
extractives have been implicated in pest
resistance. In general, roles, functions, and
inheritance patterns of extractives remain
unclear. Given therelatively low
concentrations of extractivesin poplar,
roughly 1.2% on an O.D. wood basis (Dinus
1999), a better understanding of this trait
and its components seems necessary before
attempts are made to modify it. If
modification is attempted, emphasis should
placed on components known to inhibit
processing and/or associated with waste
disposal problems. Viewed another way,
molecular genetics research could help
untangle this puzzle.

Ash

Quantity/quality of ash can affect
several process steps. Impact, however,
should be minimal, given the relatively
minor mass of ash in poplar wood, usually
only abit more than a half percent.
Nonetheless, reducing residuals, including
ash, could lower waste treatment and
disposal costs. More importantly, certain
elements, e.g., heavy metals, interfere with
process chemistry, whether acid or
enzymatic hydrolysis, and lower ash
quantities would therefore benefit
conversion efficiency, especialy if
enzymes, organisms, chemicals, and/or
process water are recycled. In addition, ash
could accumulate to harmful levels as
residues are concentrated for use as boiler
fuel. Ashisamajor contributor to boiler
scaling and slagging. Less ash equates to
less scaling and slagging, leading in turn to
more efficient generation of heat, steam, and
electricity aswell aslower boiler
maintenance costs. An earlier report (Dinus
et a. 1990) provided some, though
conflicting, support for modifying ash
content via genetic manipulation. Since ash
content of bark tends to be substantially
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greater than that of wood, reduction might
be better accomplished by modifying bark
quantity. Any efforts to effect change,
however, should be preceded by research on
genetic variation, heritabilities, genetic
correlations, and genotype X environment
interactions. The last aspect is particularly
important as both wood and bark ash
contents naturally tend to be higher in
regions having cal careous soils.

Bark

Harvesting, handling, and processing
technologies are such that bark will not be
removed before hydrolysis and
fermentation. Since bark properties differ
from those of wood, they can have different
effects on processing. On the positive side,
bark contains substantial quantities of
carbohydrates. On the negative side, it also
contains more extractives and ash than
wood. Past reportsindicate that bark
thickness and proportion vary greatly with
position within tree as well as tree size and
age, growth rate, and site. Information on
genetic parametersis scarce, and reliable
estimates should be secured before
modification is attempted. Given
importance of lower bark/wood ratios as
well as ash and extractives, research to
acquire needed information seems
warranted.

SUMMARY AND CONCLUSIONS

In sum, preferred feedstock
characteristics include less lignin, more
cellulose, and higher specific gravity.
Lignin composition and structure could be
important, but research is needed to identify
which issues to address. Reduced moisture
content seems of |esser importance.
Importance of extractivesis uncertain, but
benefits might accrue from lowering
amounts of components likely to inhibit
process reagents and/or pose waste
treatment and disposal problems. Lower



bark quantities would be advantageous,
especialy since they would also reduce ash
and extractives contents. All such changes
should be sought only in the context of
accelerated growth rates and maximum
uniformity.

With the relative importance of traits
affecting feedstock quality having been
noted above, the remainder of this report
focuses on the key issues, i.e., modification
of lignin and cellulose contents and specific
gravity viaclassical selection and breeding,
marker-aided selection and breeding, and/or
genetic transformation. Side effects on
other traits caused by such modification are
documented to the extent possible.

MEASUREMENT OF FEEDSTOCK QUALITY

Until recently, most organizations
engaged in genetic modification, especially
classical selection and breeding programs,
whether aimed at solid wood, paper, or
energy products, either did not consider
wood physical and chemical properties or
assigned them alow priority (Zobel and Jett
1995). A variety of reasons have been
advanced to explain thislow level of
activity, e.g., uncertainties about which
traits to modify, limited genetic information,
and high measurement costs.

Costs of trait measurement are a
particular concern, since they constitute the
largest share of expenses associated with
adding atrait to breeding programs and
assessing the impacts of modification,
regardless of approach. Idedlly, traits
should be measurable vialow cost, rapid
methods that use small, nondestructively
collected samples (whole or partial
increment cores). Wood volume, atypical
measure of productivity, can be measured
for pennies per tree. At the other extreme,
traditional wet chemistry assays of wood
chemical constituents can take days or
weeks and cost $500-1000 per sample
(Dinus 1999). In addition, comprehensive
chemical assays viatraditional methods
often requires degrading one or more
components to measure others, leaving some
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to be measured by subtraction. Moreover,
traditional methods often require large
samples; 10 g or more of O.D. wood for
chemical analyses and whole disks for
specific gravity determinations. Obtaining
such quantities can require harvesting of
entire trees, thereby eliminating valuable
genotypes or necessitating expensive
preservation measures. |n addition, genetic
modification via classical selection and
breeding involves testing large numbers of
parents and offspring, and measurement costs
can easily exceed the budgets of even the
most robust programs.

Fortuitously, interests of the biofuels
industry coincide with those of the forest
products industry. In recent years, wood
products and paper companies acting alone,
collectively, or cooperatively with university
and government laboratories have intensified
development of improved instruments and
methods for measuring quality traits. This
heightened activity is testimony that
genetically modifying wood propertiesis not
only feasible but also profitable. Indeed,
development of reliable, rapid, and low-cost
methods requiring small, nondestructively
collected samplesiswell under way.
Advances have been considerable and
research is accelerating. Examples
applicable to assessing biomass feedstock
quality are discussed below.



LIGNIN, CELLULOSE, AND
HEMICELLULOSE CONTENTS

Traditional methods for assessing
lignin content tend to be labor intensive and
costly (Dinus and Welt 1997, Dinus 1999).
Recent innovations in instrumentation and
methods have increased convenience as well
as lowered costs (Purnell 10/18). Some
example methods include reflectance near
infrarred (RNIR), Fourier transform infra-
red (FTIR), and pyrolysis molecular beam
mass spectrometry (pyMBMS).

RNIR and FTIR assays have been
evaluated and are being utilized by a variety
of organizations. Wright et al. (1990) found
that results from RNIR analyses of
powdered wood (5 g or less) were
correlated, significantly and positively, with
those of traditional analyses for cellulose
contents of and pulp yields from several
pine species. Michell and Schimleck (1995)
used a similar approach to predict chemical
needs for and pulp yields from Eucalyptus
species. The same authors suggested that
their method could also be used to estimate
cellulose, xylan, and lignin contents
(Schimleck and Michell 1998). Using a
similar approach, Clarke and Wessels
(1995) measured holocellulose, apha-
cellulose, and lignin contents of several
Eucalyptus species. Samples were small
amounts of sawdust collected while
preparing samples for traditional assays.
After calibration to baseline wet chemistry
data, the equipment could assay up to
60 samples per day. CostaE Silvaet al.
(1998) found FTIR analysis areliable means
for determining lignin content and its
correlation to growth and wood density in
9-year-old Picea sitchensis. Crocker (1995)
reviewed literature on RNIR and FTIR
applications through 1995 and used FTIR to
estimate genetic variation in and heritability
of lignin content in Pinus taeda.

RNIR and FTIR capabilities are
available at avariety of U.S. industria,
university, and government laboratories.
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Costs are less than $100 per sample for
comprehensives assays and substantially
lower for estimates of only major
constituents.

A relatively new approach, pyMBMS,
has been tested on avariety of lignocellulosic
materials including wood, herbaceous fiber,
and pulps; results correlate well with those
from traditional wet chemistry (Tuskan et al.
1999a). pyMBMS provides estimates of
virtually all constituents, i.e., contents of
lignin, cellulose, hemicellulose, and most
individual hemicellulosic sugars along with
proportions of syringyl and guaiacy! lignin.

The method requires only 10-15 mg of
O.D. ground wood, is rapid (about 3 min per
duplicate sample), and isrelatively
inexpensive at $15 per sample (Tuskan
08/01). Daviset al. (1999) and Tuskan et al.
(1999a) deemed pyMBMS reliable and
affordable for assaying genetic variability in
wood chemical properties. Undoubtedly, it
could also be used to confirm changes
effected by genetic transformation.

Viewed in another dimension,
comprehensive pyMBM S assays might prove
useful for detecting natural variation in lignin
composition, thereby leading to identification
of mutants such as the bmr alelesin corn.
Only one such mutant has been found in
trees, the null CAD allelein Pinus taeda
(MacKay et al. 1997), but others are likely to
exist (Sederoff 09/29). Such mutants could
prove useful in modifying lignin
quantity/quality, whether by selection and
breeding, marker-aided selection, or genetic
transformation.

Taking adifferent tack, Donaldson et
al. (1997) measured lignin contents of middle
lamellae in wood from 16-year-old Pinus
radiata. High clonal repeatabilities were
observed, and the trait seemed an
inexpensive indicator of overall lignin
content.

Lignin quality assay has also received
attention in recent times as aresult of
accelerated research on genetic
transformation. Capabilities have expanded



and, more importantly, costs have fallen.
Combined lignin content and SGR assays
can now be performed on lessthan 1 g O.D.
ground wood for $250 or less per sample
(Dinus 1999).

SPECIFIC GRAVITY

Methods for measuring specific
gravity are discussed here because of its
utility in raising dry wood substance
production and potential use as an indirect
means of increasing cellulose content.
Densiometric techniques have been used for
years, but recent improvements have
increased utility and reduced costs. Sample
collection has likewise been improved.

Specific gravity isacomplex trait,
i.e., itisacomposite of severa underlying
traits. Conseguently, increases in specific
gravity can be the result of any one or more
individual causes. The situation is
especially complicated in hardwoods since
changesin cell types, numbers, and sizes are
all involved (Zobel and van Buijtenen 1989,
Dinus et a. 1990).

Accordingly, assay methods have
been refined to quantify not just specific
gravity but also individual contributing
factors, e.g., cell wall thickness. In response
to demands from Australian forest products
companies, Evans and Downes (1995)
developed an automated system (Silviscan),
combining X-ray densitometry and image
analysis, to measure softwood specific
gravity, cell size, and cell wall thickness.
Instrumentation and software are capabl e of
analyzing samples prepared from 12 mm
pith to bark increment cores at the rate of 4
mm/min, or perhaps 10,000 per year. Costs
for comprehensive analyses are projected at
$100 per sample. By resolving specific
gravity into its various components,
techniques such as Silvascan provide more
useful information on wood quality than
earlier methods. Efforts are under way to
further automate the system and extend
application to hardwoods, initially
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Eucalyptus species.

Tuskan et al. (1999a) used computer
tomography X-ray densitometry for
comprehensive assay of specific gravity in
hybrid poplar. The method utilizes X-ray
scanning of dry, preferably extracted, 5 or 12
mm increment cores. Preparation and
machining beyond extraction and drying are
not necessary. Specific gravities of early and
late wood, juvenile and mature wood, and/or
whol e cores can be obtained via post-
scanning software processing. The method is
fast, roughly 30 cores every 18 min, with
costs averaging $10 per inch of core, or
roughly $60 for a6 in DBH tree (Tuskan
08/01).

As noted above, advancesin sample
collection methods have also accrued. A
variety of all-terrain vehicles, fitted with
hydraulically or electrically driven corers,
have been developed for extracting increment
cores. Using such a system, Crocker (1995),
working with two other individuals,
identified, marked, and collected 12 mm
bark-to-bark cores from 123 35-year-old
Pinus taeda treesin lessthan 8 hr. Thismay
not be arecord but clearly illustrates the
extent to which efficiency has been
improved.

Several short-cut, indirect procedures
have also been developed to expedite and
cheapen collecting specific gravity data. One
exampleisthe Pilodyn, a hand held
instrument that drives a flat-nosed steel pin
into wood samples with known force
(Raymond 1995). Degree of penetration is
read from a convenient scale: the less the
penetration, the greater the specific gravity.
Asaresult, Pilodyn observations vary
inversely with specific gravity. Breeders of
Eucalyptus species routinely use the
instrument for measurementsin situ.
Raymond (1995) reported quite strong
heritabilities as well as phenotypic and
genotypic correlations. Tibbits and Hodge
(1998) assessed genetic variation in and
heritability of basic wood density in 4- to
8-year-old Eucalyptus nitens, and found



strong genetic correlations between Pilodyn
readings and densities determined via the
traditional immersion method. Their
findings confirmed those of Greaves et al.
(1996) for the same species. According to
CostaE Silvaet a. (1998), Pilodyn
measurements taken on 9-year-old Picea
sitchensis were sufficiently reliable to
construct selection indices for improving
yield and wood quality. These authors
considered Pilodyn measurements an
inexpensive, fast, and reliable substitute for
more costly traditional measurements.

For short-rotation poplars, on the
other hand, Rousseau (09/29) indicated that
the Pilodyn, as presently configured, has
limited utility. Desired levels of precision
were not obtained even after bark removal
and multiple measurements. Considerable
variation also occurred among users. He
suggested, however, that the instrument
could prove useful for culling individuals
with particularly low specific gravity. One
cannot help but speculate that this or a
similar instrument can be developed for
poplars. The payback from fast
measurements on standing trees could be
substantial.

SUMMARY AND CONCLUSIONS

The foregoing examplesiillustrate that
trait measurement methods and their costs
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should no longer be considered obstaclesto
modifying feedstock quality. Measurement
techniques that are reliable, rapid, and
inexpensive, and that use small,
nondestructively collected samples have
become available. Rising interest around
the world in improving wood properties
ensures further advances in instrumentation
and methodology. Expanded research and
development on modification of feedstock
quality should likewise bring additional
capabilities and wider availability. Further
cost reductions can also be expected as user
demand increases and
independent/cooperative testing laboratories
enter thefield.

Several cautionary notes, however,
must be mentioned (Purnell 10/18). Small,
nondestructively collected samples are
essential, but provision must be made to
ensure that results are representative of
whole-tree characteristics. In addition,
methods and analyses must be tailored to
need. Tools should fit tasks, and the simpler
and more useful the outcome, the better.
General interpretation of RNIR analyses,
e.g., lignin content, may be sufficient for
practical breeders. In contrast, more
thorough analyses, e.g., poyMBMS assay of
lignin composition, may be needed for
genetic transformation. The goal should be
just the right data, detail, and reliability at
lowest cost.



CLASSICAL SELECTION AND BREEDING

Effective, efficient selection and
breeding requires that traits of interest
possess usable levels of genetic variation,
meaningful degrees of genetic control, and
favorable correlations with other important
traits. Stability across ages and
environmentsis also important. Sincetrait
measurement constitutes a major share of
breeding activity and cost, assay methods
must be inexpensive, reliable, and
convenient.

In an earlier review, Dinus et al.
(1990) summarized available information on
traits affecting feedstock quality and
provided tables of means, ranges,
heritabilities, and correlations among traits.
More recently, Zobel and Jett (1995)
reviewed world literature on genetic control
and modification of wood properties. Like
its predecessor publication, Zobel and van
Buijtenen (1989), this book concentrated
largely on physical properties. Both
publications, however, contain valuable data
on variation in, heritablility of, and
rel ationships among important chemical
traits. A wealth of information on
Eucalyptus speciesis provided in the
proceedings of an outstanding Australian
symposium (Potts et al. 1995). More
recently, Dinus and Welt (1997) adapted
information from these sources and added
new datain an effort to demonstrate
feasibility of improving wood and fiber
properties via genetic modification. Both
chemical and physical properties were
emphasized, as were advancesin
measurement methods.

In this section, the aforementioned
reviews are used as a baseline, and are
updated with findings from more recent
literature and personal communications with
poplar breeders and growers. Information
on genetic variation in and control of lignin
and cellulose contents in short-rotation
poplarsis emphasized, with an eye toward
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determining the feasibility of modifying
them. Specific gravity, given its more or
less direct relationship to cellulose content,
isalso discussed. Hemicellulose content is
given nominal attention.

LIGNIN

Reviews cited above indicated
existence of genetic variationin lignin
content among and within species. Though
statistically significant in some reports,
however, variability among genetic entities
was small, often only afew percentage
points but sometimes as large as nine
percentage points. Heritabilities were low
to moderate. Little datawere found on
rel ationships between lignin content and
other traits, but most authors considered it
independent of growth. Many older reports,
however, raised more questions than
answers in that experiments involved small
numbers of families or clones, limited
replication and only one or afew test sites.

On the whole, resultsin current
literature are from larger, more robust
experiments. As one example, Bertolucci et
al. (1995) reported findings from a
replicated, six-year-old, multi-site trial of
Eucalyptus grandis hybrids. Results seem
especially relevant since the test involved
only nine elite clones previously selected for
growth rate. Variation among clonesin
lignin content was significant, and broad
sense heritability on a clone mean basis was
estimated as 0.82. Clone X siteinteraction
was also significant, indicating the need to
identify clones stable across sites or deploy
individual clones to sites on which they
perform to maximum potential.
Correlations between lignin content and
other traits were not reported.

Variation in lignin content, assayed
viaFTIR, was measured for 30 clones of
nine-year-old, fast-grown Picea sitchensis



(CostaE Silvaet a. 1998). Variability was
limited, but heritability was high, suggesting
that reduced lignin content could be
obtained, albeit slowly, via selection,
propagation, and planting of the best clones.
Some difficulty was expected, however, in
that lignin content varied directly with
growth. Selecting for reduced lignin
content could therefore limit genetic gain in
growth rate. Adverse effects on growth
might be avoided if and when genetic
parameters and appropriate economic
weights are combined in a selection index.

In ongoing hybrid poplar research
sponsored by the Bioenergy Feedstock
Development Program, wood physical and
chemical properties were quantified via
traditional analyses (Dinus 1999). Assayed
were one Populus trichocarpa and two
Populus deltoides parents, plus four F1
offspring and ten F2 individuals. Lignin
content averaged 23.4%, and varied from
20.5-25.4%, arange of 4.9 percentage
points. SGR values averaged 2.4, and
ranged from 2.0-2.6, adifferential of 0.6.
Means and ranges from arelated test of the
same parents and F1 hybrids were similar,
even though sample trees had been grown in
widely different environments. Phenotypic
variation in these trials were somewhat
larger than that in some older trials
described above, possibly aresult of sample
trees having been different species and
interspecific hybrids. Inrelated
experiments, 16 interspecific hybrids,
derived from several species, showed even
larger rangesin both lignin content (9.3
percentage points) and SGR (1.1). Inall
three of the aforementioned trials, trees
with low lignin content tended to have high
SGR.

Such findings suggest that the limited
variability in lignin content observed within
species can be increased via interspecific
hybridization. This should not be difficult
or costly since most U.S. poplar breeders
already utilize interspecific hybridization to
some extent. Moreover, the approach seems
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attractive in view of the variety of
interfertile species available for creation of
hybrids and backcrosses (Stettler et al.
1996).

Evidence has aso accumulated that
breeding to increase growth and yield
favorably alters lignin properties. Wood
from improved Pinus radiata showed
different fracture patterns than that from
nonimproved controls (Donaldson 1995).
Differences were attributed to lesser
lignification in the boundary between the S1
and S2 layersin cell walls of improved
trees. Freguency of phenolic groupsin
lignin may also have been afactor.

Concerning correlations between
lignin content and other traits, the
aforementioned reviews provided littlein
the way of reliable data, and little new
information was found in recent literature.
Malan and Arbuthnot (1995) summarized
available information on wood properties of
Eucalyptus grandis grown in South Africa.
Phenotypic correlations between lignin
content and specific gravity were modest
and mostly negative. CostaE Silvaet al.
(1998) found an unfavorable relationship
between lignin content and growth of young
Picea sitchensis. More and better
information on trait relationshipsis badly
needed.

So-called brown midrib or bmr
mutations that reduce lignin content or
modify its properties have been identified in
corn (Zea mays). Another affecting lignin
biosynthesisis known in Arabidopsis
thaliana. In corn, one or more bmr mutants
is being incorporated into otherwise
improved inbred lines via backcrossing.
These are then outcrossed to create low
lignin hybrid varieties (Keeling 09/03,
Hettenhaus 09/01) for dairy silage with
improved digestibility and yield. Such
varieties may also favorably affect ethanol
production from corn stover, and the
National Renewable Energy Laboratory
plans to evaluate several in the near future
(Thomas 10/08). Just recently, a mutation



affecting lignin biosynthesis was found in
loblolly pine (MacKay et a. 1997). Recent
advancesin chemical and genomic analyses
should facilitate discovery of additional
mutations. Poplars arelogical candidatesto
search, and the ease with which they can be
bred and cloned make them an ideal venue
for deploying mutant alleles affecting
feedstock quality.

Over a decade ago, Savidge (1986)
analyzed prospects for genetically
improving wood properties and argued that
genetic control of lignin content was
independent of that governing cellulose
content and specific gravity. He concluded
that lignin content could be reduced without
harming tree growth and development. In
general, these arguments still hold, although
much information is still needed.

Modifying lignin content via classical
selection and breeding is possible, but
opinions differ on ease and cost of effecting
change. Heritabilities, though variable, are
as strong as or stronger than those for
growth traits, but the narrow range of
variability will limit progress. Nevertheless,
most breeders consulted during course of
this review were optimistic, believing that
even small changes could have dramatic
financial impact.

CELLULOSE

Despite itsimportance, relatively
little information is available on genetic
variation in and control of cellulose content
beyond that provided in the reviews noted
above. Most recent information springs
from research on Eucalyptus species, and
findings are not always consistent. In
general, cellulose content varies roughly
from 7-15 percentage points among genetic
entries examined in most published trials,
new or old, arange exceeding those for
lignin and hemicellul ose contents.

Examples from earlier literature
illustrate the problems of and/or
opportunities in attempting to alter cellulose
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content. Substantial genetic variation in
cellulose content was found among trees
within loblolly pine families (Jett et al.
1977). Much of the variation, however, was
nonadditive, thereby making the classical
pine breeding approach impractical.
Substantial gains, however, seemed possible
viacross pollination of outstanding trees
and clonal propagation and planting of the
best progeny. Some years later, this
approach was employed with Eucalyptus
hybrids by Aracruz Florestal S.A. in Brazil
(Zobel et al. 1983). Breeding and selecting,
inturn, for growth, specific gravity, and
cellulose content coupled with clonal
propagation increased pulp yields from 47
to 51%. Parallel increasesin uniformity
were also obtained and most likely
contributed to reduced harvesting, transport,
and processing costs.

Olson et al. (1985) found only minor
genetic variation in and control of
holocellulose in 75 clones of Populus
deltoides three years after planting at one
location. Variation in apha-cellulose
content, however, was larger, varying from
48.2 to 55.8%. Broad sense heritability
(0.34) was stronger than that for both
hol ocellul ose content and growth. The
authors considered both variability in and
heritability of apha-cellulose content
sufficient for genetic improvement.
Correlations with growth, however, were
negative, and simultaneous improvement
seemed impractical, i.e., selecting for
cellulose content was seen as reducing gains
in growth. The authors nonetheless
recommended that materials selected and
preserved for advanced generation breeding
include sufficient clones to maintain
variability in alpha-cellulose content. This
recommendation recognized that
correlations are imperfect and subject to
change with age, and that trait valuations
may likewise change with time. Imperfect
correlations mean that screening more
individuals could yield selections excelling
in both growth and cellulose content. The



issue becomes one of how much breeders
can afford to spend on the additional effort.

A survey of published estimates for
genetic parameters of wood and fiber
properties in Eucal yptus species (Raymond
1995) found that genetic control of most
traits was moderate to strong. Individual
tree and family heritabilities for kraft pulp
yield, an indirect measure of cellulose
content, ranged from 0.30-0.56 and
0.18-0.62, respectively. Phenotypic and
genetic correlations between pulp yield and
basic wood density varied from -0.24-0.31
and -0.11-0.67, respectively. Those
between pulp yield and growth, though
negative, were weaker.

In contrast, Bertolucci et al. (1995)
did not find significant variability in
screened pulp yield among selected
Eucalyptus clones, and broad sense
heritability was lower than those for most
other traits. The authors, however, did find
that wood consumption varied significantly,
and was under strong genetic control.
Wood consumption was defined as the
guantity of wood required to produce aton
of pulp; the lower the consumption, the
greater the efficiency and profit. The
differential was said to result from the
impact of lignin and extractives content on
pulp yield, whereas wood density was the
major factor influencing wood consumption.
Wood density varied significantly and
proved highly heritable.

Clarke and Wessel (1995) evaluated
wood properties of trees from a six-year-old
Eucalyptus species/provenance trial in
South Africa. Nine species, each
represented by several provenances, were
represented. Cellulose, pentosan, and lignin
content varied significantly among species,
only cellulose and pentosan contents,
however, varied among provenances within
species. Cellulose content ranged from
48-55%, pentosans from 17—22%, and
lignin from 20—24%, in line with those
given elsewhere herein.
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In the hybrid poplar investigation
described above (Dinus 1999), cellulose
contents averaged 46%, ranging from
42.0-52.6%. This 10.6 percentage point
rangeisin line with or larger than earlier
estimates for poplar.

In sum, genetic variability in cellulose
tends to be larger than that in other chemical
constituents. Interspecific hybridization
seems an effective way to further increase
variation. Although quite variable, broad
sense heritabilities, on the whole, seem
sufficiently large for long-term selection and
breeding, provided that outstanding
individuals are clonally propagated and
planted. If naught else, the rather strong
relationships between cellulose content and
specific gravity and/or cell wall thickness
provide an indirect means for improvement.
In consequence, lignin contents would be
reduced proportionately. Several
inconsistencies nevertheless persist. Some
reports show cellulose content and specific
gravity varying inversely with growth, while
othersindicate the opposite. Even though
such correlations are weak, they imply that
breeding for cellulose content, directly or
indirectly, could have adverse effects on
gainsin growth rate. The issue becomes one
of how much breeders can afford to spend
on selecting, breeding, and propagating
outliersthat excel in both traits.

Breeders would be helped by more
and better data on variation in and
heritability of cellulose content, and
especially on genetic relationships among
traits. The many energy and industrial
plantations established over the past two or
so decades contain a wealth of material for
such research and should be exploited to the
fullest possible extent.

HEMICELLULOSE

Earlier reviews, e.g., Dinuset al.
(1990), disclosed only nominal variationin
poplar species and hybrids. Though
statistically significant in some instances,



the limited variability was considered
inadequate for breeding. In contrast, recent
analysis of nine Eucalyptus clones showed
significant variation and rather strong
genetic control (Bertolucci et a. 1995).
Assays of representatives from two poplar
species and their hybrids (Dinus 1999)
showed phenotypic variation in
hemicellulose content on a par with that for
lignin content. Further research on genetic
variation and control aswell asimplications
for energy production may be warranted,
particularly in view of the potential for
increasing C6 sugar content and lessening
frequencies of covalent linkages to lignin.

SPECIFIC GRAVITY

Specific gravity or basic wood density
isimportant in manufacture of numerous
products. New, less expensive, and more
comprehensive measurement methods have
fostered use of the trait as an index of wood
quality. Positive correlations with dry wood
substance and cellul ose content suggest that
improvement could enhance ethanol
production. Even so, determining specific
gravity still costs more than measuring
growth (Williams and Neale 1992). Thus,
decisions to include the trait require clear
understanding of costs and benefits.

Though often viewed and manipul ated
asasingletrait, specific gravity isa
composite trait dependent primarily upon
proportions of late to early wood, cell type,
size and number, and cell wall thickness.
Chemical composition, e.g., relative
contents of lignin and cellulose, also affect
thetrait but to uncertain degrees. In
softwoods, e.g., Pinus taeda, proportions of
late to early wood and thickness of |atewood
fiber walls have greatest influence. Specific
gravity of hardwoods is governed by these
factors aswell as by proportions and sizes
of awider variety of other cell types.

Factors contributing to specific
gravity can vary together or independently,
and individual trees can have similar
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specific gravities for different reasons.
Given the potential for variable causes and
outcomes, specific gravity can be altered by
changing one or more contributing factors.
Benefiting from efforts to increase specific
gravity therefore requires understanding
what is changed and how that in turn affects
process and product.

As recounted in reviews cited above,
genetic variation in specific gravity is
significant and more than adequate for
improvement. Heritability valuesrange
from roughly 0.4 to 0.7, values as high or
higher than those for any other traits of
interest to commercial tree breeders. Thus,
opportunities for modifying specific gravity
by classical selection and breeding are
excellent.

In recent experiments involving
several poplar species and hybrids, Herpka
(1990) found that specific gravity and
volume growth varied significantly among
families and clones within families. Broad
sense heritabilities for specific gravity were
moderate to high, and greater than those for
growth. The relationship of specific gravity
to both volume growth and dry wood
production per unit area, though negative,
generally wasweak. According to the
author, variability in and heritabilities of
survival, growth, and specific gravity were
so large that trees outstanding in terms of
dry wood production could be selected
without difficulty, even though the traits
were negatively correlated.

In asurvey of literature on Eucalyptus
species grown in Brazil, Ferreiraand Santos
(1995) described results from young
plantations of six species and a variety of
provenances. They concluded that wood
density varied substantially, especially
among species. Correlations between
density and wall thickness were considered
useful.

Raymond (1995) surveyed literature
on breeding of Eucalyptus species and
documented heritabilites for various wood
properties. In general, basic wood density,



whether measured directly or estimated via
Pilodyn readings, was under rather strong
genetic control. Family and individual tree
heritabilities for density per se, though
variable, averaged 0.65 and 0.57,
respectively. Individual tree heritabilities
for Pilodyn penetration readings averaged
0.49. Genetic correlations between
traditional density determinations and
Pilodyn measurements were, as expected,
negative and strong. Relationships between
density and tree height and volume or
growth were highly variable.

Basic wood density varied
significantly among nine elite Eucalyptus
clones (Bertolucci et a. 1995). Broad sense
heritability was the highest found for any
wood property, and density was considered
the primary factor contributing to variation
among clones in terms of wood
consumption per ton of pulp. Wood density
was therefore deemed an important trait for
future breeding.

Results from a well-replicated, multi-
site trial of Eucalyptus nitens showed
significant genetic variability in wood
density (Tibbits and Hodge 1998). Trees
from six provenances and 300 open-
pollinated families were measured at seven
years of age. Narrow sense heritabilities for
density and pulp yield, aproxy for cellulose
content, were 0.42 and 0.37, respectively.
Both exceeded that for basal area growth
(0.19). Neither density nor pulp yield
exhibited significant genotype X
environment interactions. Limited Pilodyn
measurements of density gave a heritability
of 0.46, and were strongly correlated with
density assayed viathe traditional
immersion method. Genetic correlations of
pulp yield to density and growth were
favorable though modest. That between
density and growth, however, was
unfavorable but weak.

In conjunction with evaluations of
lignin content of young Picea sitchensis,
CostaE Silvaet al. (1998) also examined
variation in and inheritance of Pilodyn
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estimates of specific gravity. Variation was
substantial and inheritance strong. Asin the
case of lignin content, however, the
correlation with growth was unfavorable.

Malan and Arbuthnot (1995)
summarized literature concerning variation
in and relationships among wood density
and related traits of Eucalyptus grandis
grown in South African. Density was not
influenced greatly by ray or vessel
characteristics, but was related to fiber wall
thickness and fractional volume of cell wall
substance. Phenotypic correlations between
density and lignin content were generally
negative and strong. In contrast to other
reports, however, those involving cellulose
were not significant.

As discussed above, phenotypic and
genetic correlations between specific gravity
and other traits vary greatly. Those with
latewood proportions and fiber wall
thickness are positive and strong. On the
whole, those with cellulose also tend to be
positive and useful. Associations with
growth, however, range from slightly
negative to slightly positive, but typically
areweak. Given thisweakness, breeders
have ample opportunity to find trees for
breeding and cloning that excel in both traits
and that are likely to yield large quantities
of dry wood substance. In thefinal analysis,
this becomes a numbersgame and is
decided by how much additional effort can
be devoted to selecting and testing the extra
trees needed to break the correlation and
identify productive outliers.

One correlation, often not given
sufficient attention, is that between traits at
young and older ages. In softwood species,
juvenile wood specific gravity is correlated
positively and strongly with that of mature
wood and whole trees, even when juvenile
wood specific gravity is measured only a
few years after planting (Lowe and Byram
1995). The situation is somewhat different
in poplars, but several authors have
addressed theissue. In Populus
tremuloides, e.g., Yanchuk et al. (1983)



found that specific gravity was moderate
near the pith, declined gradually through
roughly the tenth annual ring, and then rose
again across subsequent rings. Herpka
(1990) documented a similar pattern in
poplar species and hybrids, finding also that
specific gravity at two or four years of age
was moderately to strongly predictive of the
trait at later ages. Thus, poplars with
desirable levels of specific gravity and/or
dry wood substance production can be
selected at early ages.

PERSONAL COMMUNICATIONS

Individuals engaged in poplar
breeding and related research were
interviewed to gather impressions
concerning feasibility of modifying
feedstock quality traits via classical
selection and breeding. Regardless of
background, most agreed on importance of
lignin and cellulose. Certain other traits,
e.g., growth and adaptability, were
considered more important by breeders, but
quality traits seemed worth considering, if
more genetic/economic information and
proper incentives were provided.
Commercial breeders, understandably, were
more optimistic than their academic
counterparts.

Breeders generally acknowledged that
poplar breeding materials were not nearly so
limiting asin the past. Sizable breeding
populations of poplar species and/or hybrids
have been or are being assembled in most
regions of the United States. Rising
concerns over fiber supplies have prompted
forest products companies to undertake
and/or accelerate efforts. The significant
stimulatory role played by the Bioenergy
Feedstock Development Program was
applauded.

Concerning generation and harvest
intervals, breedersindicated that selections,
whether new ones from the wild or proven
ones from past breeding efforts, can be
mated within 3-10 years of have been
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identified. Intervalsvaried among regions,
with those in the Pacific Northwest being
shortest. Theserelatively short generation
intervals imply considerable potentia for
maximizing genetic gain per unit time.

Many breeders produce in excess of
100 cross-pollinated families annually, each
containing 100 or more seedling offspring.
Seedlings are cloned, planted, and screened
to eliminate those that do not root well,
grow slowly, and/or suffer pest attack.
Screening and multiplication require
roughly five years, after which superior
clones are moved into production. Y et
higher numbers could be achieved without
unduly raising costs. Such numbers seem
sufficient to maintain high selection
intensities and overcome any negative
correlations between quality traits and
productivity.

Responses to queries concerning time
to harvest indicated that most breeders,
regardless of product, planned on
commercial harvest within 6-10 years of
planting. Despite this short interval, many
breeders expected to have new, improved
clones available for planting the next
rotation. Coppicing therefore did not figure
heavily in their programs. Coupled with the
modest heritabilities of lignin and cellulose
contents, these characteristics of poplar
breeding, testing, and utilization tend to
favor selection and breeding for feedstock
quality traits.

On the negative side, most breeders
viewed the limited genetic variability in
lignin and cellulose contents as an obstacle,
one that islikely to limit extent and speed of
improvement. Uncertainties about nature
and strength of correlations with other traits,
especialy growth, were also a concern.
Breeders are loath to sacrifice gain in
growth, until the economic merits of adding
other traitsis clear. Marker and
transformation specialists viewed these
aspects as increasing the attractiveness of
their approaches.



Of equal or greater concern to
breeders was the apparent high cost of
measuring wood chemical composition.
Trait measurement costs are a major
contributor to overall breeding costs. In
many cases, breeding and testing
populations are already large, sufficiently
large to support selection for additional
traits. Costs of maintaining and
manipul ating these popul ations must be
borne even if breeding efforts continue to
involve only traits emphasized to date.
Thus, adding atrait would not increase
routine breeding costs per se to significant
extents, but overall costs would increasein
proportion to those of assessing the new
trait. Costs of measuring lignin and
cellulose contents have dropped
dramatically in recent years, but all types of
specialists, especially breeders, would
prefer that they be even lower. Continued
emphasis on method devel opment and
technology transfer is necessary to reduce
measurement costs to acceptable levels.

Most interviewees expressed concern
about unintended consequences of reducing
lignin. How much can it be reduced without
disturbing growth and/or increasing
susceptibility to biotic and abiotic stresses?
In switchgrass (Panicum virgatum), e.g.,
breeding to reduce lignin content, i.e.,
increase ruminant digestibility, has been
observed to decrease not only biomass but
also winter hardiness (Vogel 12/07).

Many breeders expressed equal or
greater interest in adding other traits, i.e.,
specific gravity and cell wall thickness.
This stems primarily from the impact of
these traits on solid wood product quality as
well as pulp production and paper quality.
Indeed, improving these traits in desired
directions, especially specific gravity, may
pay greater dividends than reducing lignin
content. Information on genetic parameters
is more abundant and reliable, prospects for
gain are considerable, and measurement
costs are lower. In addition, such
improvement could facilitate ethanol
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production by virtue of raising overall dry
wood substance production and, potentially,
the proportion of cellulose to lignin.

On the whole, breeders viewed
modifying lignin and cellulose contents
worthy, attainable goals and would add the
traits to improvement programsif more and
better genetic data and appropriate
incentives were available. On the economic
front, few breeders doubt value of the traits.
Indeed, those working with pulp and paper
companies believe that even asingle
percentage point reduction in lignin content
would have great value and look forward to
learning how that value will affect what
they can afford to spend on trait
measurement and breeding.

SUMMARY AND CONCLUSIONS

In the past, U.S. poplar breeders, by
and large, focused on adaptability, growth,
and pest/stress resistance, with lesser
emphasis on other traits, especially wood
properties. Much the same holds for
projects supported in whole or part by the
Bioenergy Feedstock Devel opment
Program. Gains have been substantial, and
further improvement is anticipated(Tuskan
1998, Wright and Tuskan 1998).

Over the long run, however,
productivity is but one element in the
overall matrix needed to reduce ethanol
production costs. Wood chemical and
physical properties clearly affect process
yields and efficiencies. Viewed in this more
inclusive context, biofuels and related
poplar breeding programs seem sufficiently
mature to have more specific breeding
objectives. One example of movement
toward these ends is that taken by
Eucalyptus breedersin Portugal (Borralho
et a. 1993). Briefly stated, breeding efforts
should be designed to reduce costs, promote
efficiencies, and increase profitabilities at
all points having leverage in the growing,
harvesting, transportation, and processing
chain.



Some stepsiin this direction have been
taken in the United States, primarily by
southern pine breeders. Some years ago,
gains likely to result from including specific
gravity in efforts to improve dry wood
weight were considered marginal
(Bridgwater et al. 1983). This outlook has
since changed dramatically because of
increased concern over higher proportions
of juvenile wood, possible declinesin
specific gravity caused by continued
selection for growth, greater appreciation
for impacts of wood properties on processes
and products, and heightened awareness of
trait economic values. Working with
specialists familiar with the entire chain of
pulp manufacture, Lowe et al. (1999)
developed a selection index that
incorporates genetic parameters for growth
and specific gravity along with economic
val ues associated with costs of growing,
harvesting, hauling, and processing.

That similar tactics will prove useful
in improving energy crops seems clear.
Poplars can be bred and manipulated with
relative ease, are propagated and planted
clonally, and have short harvest rotations.
Needed only are better information on
genetic parameters and economic weights
associated with the impact of varioustraits
on the many steps in the processing chain.

So, where do prospects for modifying
feedstock quality via classical selection and
breeding fit within these contexts?
Information on the genetics of lignin content
are not especially abundant, but most
breeders argue that a reasonabl e debate of
feasibility is possible. Genetic variation is
small compared to many other traits.
Ranges extend from alow of 2—3 percentage
points to highs of 9-10 percentage points.
Heritability estimates vary, but generally are
moderate to high. Correlations among ages
are not viewed as restrictive, especially for
short-rotation hardwoods. Genotype X
environment interactions have been
observed but generally are small.
Correlations with growth and other
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currently important traits tend toward the
negative, but typically are weak and
variable.

Knowledge concerning the genetics of
SGR is extremely limited, although some
phenotypic observations suggest that
lowering lignin content would raise SGR.
Efforts to modify this characteristic are best
deferred until more information is available
not only about its genetics but also about its
relevance to processing.

The story for cellulose content is
similar to that for lignin, except that genetic
data are even less abundant. Heritability
estimates are lower and inheritance patterns
seem less additive than for lignin content.
On the positive side, variation is greater,
and thetrait tends to have a positive
correlation with specific gravity.

M easurement costs, a major factor in
overall costs of breeding, should no longer
be viewed as an obstacle. Costs have
declined greatly as aresult of recent
advances in measurement technology.

Many breeders, however, seem unaware of
these changes, and improved
communication and technology transfer
should diminish their concerns and sharpen
their interest in breeding for reduced lignin
and/or increased cellulose contents.

Economic returns from modifying
feedstock quality obtained via classical
selection and breeding, though uncertain,
could be substantial. Even minor reductions
in lignin quantity, e.g., would reduce costs
of pulping and papermaking. Impactson
ethanol production probably would be lower
but still substantial. Nonetheless, breeders
are unlikely to add the trait to their
programs until economic outcomes are
quantified in forms suitable for inclusionin
selectionindices. Moreover, breeders are
not likely to seek additional work unless
appropriate incentives are provided.

Against this background, lignin
content seems atrait for which improvement
can be attained via classical selection and
breeding. Additional information on genetic



parameters, however, are needed. Costs of
adding the trait would not be great, provided
that measurement costs are reduced to
acceptable levels. The limited genetic
variability would restrict gain per unit time,
but even nominal reductions could be
profitable. More and better information on
economic implications are therefore a must.

Given present knowns and unknowns,
direct improvement of cellulose content
seems more problematic.

As an aternative, breeding efforts
might be deployed more lucratively on other
traits, deemed likely to decrease lignin and
increase cellulose content indirectly.
Selection for increased specific gravity, e.g.,
stands to raise dry wood productivity.
Positive impacts would accrue in many parts
of the growing, processing, and
manufacturing chain, e.g., in harvesting and
transportation, as well asin processing, e.g.,
potentially increased cellulose content and
commensurately lower lignin content. This
tack seems especially attractive in that it
would increase desirability of poplar wood
to awider array of customers, thereby
assuring growers access to several markets.
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As an example, the bottom portion of trees
could be used to manufacture high-value
solid wood products (see Coproducts) with
residues from that part and the remainder of
the tree being chipped for a cohol
production. From the standpoint of ethanol
production alone, classical selection and
breeding for dry wood production, coupled
with genetic transformation to alter lignin
content, seems the optimal and most feasible
route.

When considered alone, modification
of feedstock quality, particularly reduced
lignin content, via classical selection and
breeding appears feasible. Progress would
be slow but steady, and the approach is
more likely to prove socially acceptable
than genetic transformation and more likely
to yield near-term returns than marker-aided
selection. Provision of additional
information on genetic parameters and
economic values as well as construction of
effective selection indices would hasten
involvement of poplar breeders.



GENETIC MARKERSAND MAPS

Most economically important traitsin
forest trees vary quantitatively, rather than
qualitatively, and are subject to considerable
environmental influence. Tree breeders
therefore estimate heritabilities, variance
components, and breeding values by
statistical analyses of measurements
collected from large numbers of offspring in
multiple, often widely separated field trials
over years or decades. Decisionstypicaly
are made at rotation age, or at best mid-
rotation. Techniques permitting evaluation
at aquarter- or half-rotation have enhanced
gain per unit time, but the process still
requires several years, even in short-rotation
species. Generation intervals of 3-10 years
further lengthen the process. Research that
shortens breeding cycles will increase
efficiency and economic return.

In recent times, advances in molecular
biology research have yielded techniques for
development of genetic maps and markers.
Discovery of markers that are correlated
with useful traits hold much promise for
improving efficiency throughout the
breeding cycle (Dinus and Tuskan 1997).
They theoretically could be used to select
promising parents for breeding and/or
valuable offspring for propagation and
planting at very early ages and without
lengthy field testing. Markers could also be
used for fingerprinting, i.e., for confirming
identity of species, hybrids, and individuals.

GENETIC MARKERS

Restriction fragment length
polymorphisms (RFLP) were the first such
markers devel oped and applied. Since then,
the field has grown tremendously, and an
array of marker types and techniques have
become available, largely due to application
of polymerase chain reaction (PCR)
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technology. According to Cerveraet al.
(1997), ideal markers have codominant
inheritance (homo- and hetero-zygotic
states), are selectively neutral, and are
evenly distributed across genomes. The
most useful techniques were described as
those capabl e of detecting many
polymorphic loci with multiple aleles, and
that are highly reproducible as well as easy,
fast, and inexpensive to apply.

RFLP markers are based on
polymorphisms observed after DNA
digestion with restriction enzymes, are
codominant, distinguish multiple alleles,
and can be applied across laboratories.
Analyses, however, are difficult and labor
intensive. They also require large quantities
of DNA, and depend on availability of
useful probes. Relative to other markers,
RFLP are of moderate to high cost. They
have been used to generate genome maps,
examine architecture of traits, monitor
inheritance, track introgression in
backcrossing, study genetic diversity, and
detect genetic homol ogies among species.

Random amplified polymorphic
DNAs (RAPD) markers are generated by
PCR amplification using arbitrary, short
primers to detect single nucleotide changes,
deletions, and insertions. RAPD technology
does not require sophisticated probes, works
with small DNA amounts, can be
automated, and is rather simple, fast, and
inexpensive. On the down side, RAPD
generally are dominant and do not
differentiate between homo- and hetero-
zygous loci. Having only dominant markers
is a serious drawback in research on species
as heterozygous as forest trees. 1n addition,
reproducibility is difficult, and they tend to
be laboratory specific. Even so, RAPD have
been used to produce genetic maps,
demonstrate correlations with important



traits, estimate genetic variation, examine
taxonomic relationships, and identify useful
genes.
Simple Sequence Repeats (SSR) or
microsatellites yield high levels of
polymorphisms; allelic variants are
abundant and widely dispersed across plant
genomes. SSR markers are codominant, and
provide more information than those
produced by most other techniques.

Another advantage, according to some
investigators, is that SSR can be transferred
among genotypes within species and
sometimes among species. The technique,
however, requires moderate amounts of
DNA and someinitial DNA sequence
information. Asaresult, SSR costs are
greater than for most other techniques, even
though licensing fees are limited to only the
PCR portion of the procedure. SSR markers
have been used for mapping genomes,
identifying clones and varieties, and
analyzing genetic variation.

Amplified Fragment Length
Polymorphism (AFLP) technology is as
reliable as that for RFLP, requires simple
primers, yields large numbers of mainly
dominant polymorphisms, and is highly
reproducible. Large numbers of loci can be
examined in individual assays, but many
investigators argue that the technology is
difficult to apply, less easily automated, and
more expensive than RAPD technology.
Nonetheless, AFLP have been used to map
genomes, document variability, confirm
clonal identities, and identify genes
associated with traits of interest. Many such
applications have been made in support of
poplar breeding and research programs
(Cerveraet a. 1997).

Other PCR-based techniques are
being devel oped to detect multiple,
codominant alleles. Some examples are
Sequence Tagged Site (STS), Single Strand
Conformation Polymorphisms (SSCP),
Expressed Sequence Tagged
Polymorphisms (ESTP), and Sequence
Characterized Amplified Region (SCAR).
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L arge-scale research undertakings, such as
the Human Genome Project, are yielding
ever more sophisticated and high-throughput
techniques. Single Nucleotide
Polymorphisms (SNP) yield large numbers
of markers, and so-called Gene Chips are
facilitating automation and lowering costs
while maximizing genetic information
(Sederoff 09/29). These newer techniques
require specific sequence data, a
considerable expense, and are therefore not
yet widely used in research on forest trees.
Sequence data is becoming available, and
these and even newer techniques will be
used more widely.

The foregoing should illustrate that
useful marker technologies are available,
and that improvementsin utility and cost
can be expected. Utilization dependson
tree species and application. Consideration
must also be given to needs for technical
personnel and facilities as well as to costs of
licensing specific technologies, equipment,
and reagents. The following describes the
state-of-the-art for short-rotation
hardwoods. Discussion centers on poplars
but also incorporates results from the
considerable literature on Eucalyptus and
softwoods to fill gaps and reinforce critical
points.

GENETIC MAPS

Construction of genetic maps for
commercially important tree species,
hardwoods and softwoods, is under way in a
number of laboratories around the world. In
general terms, the goal of map construction
iSto organize segregation data for individual
genetic markers such that their location in
the genome and linkage to one another can
be understood. In addition, genetic maps
provide information on how markers are
distributed across genomes and extent of
genome coverage. Asconcerns poplars,
Cerveraet a. (1997) indicated that two
maps had been published and that at least
five others were being developed at time of



their review. Some investigators had rather
specific usesin mind. Asan example, early
interests of European |aboratories centered
on identifying and mapping markers for
disease resistance, e.g., Goue-Mourier et al.
(1996). Of special relevance to the present
report are mapping efforts of the University
of Washington/Washington State University
Poplar Molecular Genetics Cooperative
(Bradshaw et a. 1994, Bradshaw 1996).
The map is based on a three-generation
Populustrichocarpa X P. deltoides
pedigree. Clones of the grandparents,
parents, and offspring are growing at three
locations, two of which are dramatically
differing environments. Initially, the map
was assembled using RAPD, RFLP, and
STS markers, but the latest version includes
SSR markers aswell. The map is of
sufficient size and scope to permit
identification of simple and complex genetic
elements and is being used to analyze
genetics of phenology, crown architecture,
tree form, growth, wood quality, disease
resistance, and ease of vegetative
propagation, as well as to quantify genotype
X interactions and age-age relationships.

RESEARCH, DEVELOPMENT, AND
APPLICATION

Use of marker technologiesin
selection and breeding can be viewed as
falling into several categories (Cerveraet al.
1997). Short-term uses include
investigating taxonomic relationships,
quantifying genetic variability, and
identifying genotypes as well as selecting
for smpletraits. Some examples of longer
term applications are dissecting complex
traits, integrating traitsin crossing and
backcrossing, selecting parents, early
selection, and identifying genes aswell as
genetic homol ogies among poplar and other
Species.
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Taxonomy, Variability, and I dentity

The genus Populus represents arich
resource, with over 30 species spread across
the Northern Hemisphere. Despite much
research on morphological differences,
crossability patterns, and other
differentiating factors, taxonomic
relationships and patterns of genetic
variability remain unclear. Marker
techniques have been and are being
employed to better delineate species,
characterize variability, document
relatedness, and clarify hybridity (Tuskan et
al. 1996, Cerveraet al. 1997). Such
research underscores the tremendous
variability accessible to breedersvia
interspecific hybridization and backcrossing
(Stettler et al. 1996). Markersare also
being used to identify poplar genotypes,
thereby facilitating execution and
management of breeding programs.
University of Washington/Washington State
University Poplar Molecular Genetics
Cooperative members, e.g., can have 10
clones fingerprinted without charge
annually (Bradshaw 09/17). Since poplars
are dioecious, markers for gender
determination would also be helpful to
breeders. Knowing gender early in the lives
of prospective parents would ensure
balanced numbers of males and females and
reduce costs by eliminating need to preserve
large numbers of unknown sex. A useful
gender marker has been found in Salix
viminalis (Alstrom-Rapaport et a. 1998),
but further research on poplarsis needed.
Marker technology should also be extended
to monitor potential for gene flow from
transgenic trees to natural populations.

Markersfor Simple, Qualitative Traits
Utility of genetic markersin breeding

derives from their correlations to valuable
traits. In theory, much time and expense



could be saved by screening offspring from
desirable parents for a particular marker at
an early age, and then field testing only
those having the marker in question. If
correlations were particularly strong,
offspring thus selected could be moved
directly into production. In either event,
years of testing large numbers of individuals
with uncertain value could be avoided.
Selection and breeding for simply or
qualitatively inherited disease resistance
exemplifies this application. Disease
resistance not only isimportant but also is
difficult and expensive to assess. Reliability
of nursery and field trials can vary widely as
aresult of environmental and biotic factors
and should, therefore, be large, replicated
over several environments, and repeated in
time. Though more precise, |aboratory tests
are costly. To offset these difficulties,
considerable research has been done on
markers, and several useful ones have been
identified in poplars (Cerveraet al. 1996,
Newcombe et a. 1996). Some investigators
hesitate to use such markers, as they may
not work in populations other than those in
which they were identified (Bradshaw
09/17). Reluctance aso stems from concern
that they are associated primarily with
gualitative resistance which could be
overcome by shiftsin pathogen virulence.
Development and application costs are also
aconcern.

Markersfor Complex, Quantitative
Traits

Simple Mendelian inheritance of
important traitsisrarein forest trees. Most
traits show continuous or quantitative
variation, a phenomenon assumed to result
from combined effects of numerous genes,
each having small effects. The same or
similar outcomes, however, may also be
caused by small numbers of genes having
large effects, with/without remainder of the
overall influence caused by others with
small effects. Systems involving few genes
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with large effects, or groups of tightly
linked genes whatever the magnitude of
individual effects, are termed quantitative
trait loci (QTL). Markersfor QTL allow
description of quantitative traitsin terms of
gene number, allelic variation, magnitude of
effect, and mode of gene action. Recent
research affirms not only that many
guantitative traits are controlled, at least in
part, by QTL but also that useful markers
can beidentified (Sewell and Neale In
press).

Identification and mapping of markers
associated with QTL involves assay of a
segregating population produced by
crossing individuals that are genetically
distinct for the trait in question. Statistical
analyses are then used to identify
correlations between phenotypes for the
traits and inheritance of individual markers
in the segregating offspring. If agenetic
map has also been constructed, estimates
can be made of the extent to which markers
cover the genome and positions of markers
relative to one another within linkage
groups. QTL detection depends primarily
upon presence of QTL in pedigrees, how
much a QTL affectsthetrait in question,
and size of the segregating population. Trait
heritability also isimportant; QTL are most
likely to found for traits controlled by small
numbers of genes with moderate to large
effects and not greatly influenced by the
environment.

Though ssimplein concept, QTL
analyses and application can be difficult and
costly. Consideration must be given to
potential for variation in phenotypic trait
expression caused by genetic background,
tree age, and different environments.
Reliability also demands that traits be
measured on and genetically assayed in
large numbers of individuals, preferably 100
or more (Bradshaw 1996). At least two
shortcuts can be used to minimize this
number. As one example, QTL having
major effects can be identified by restricting
genetic assays to individuals having extreme



phenotypes. In clonally propagated species,
multiple ramets can be assessed to increase
precision of phenotypic measurements
without raising numbers of genetic assays
(Bradshaw and Foster 1992). Thistacticis
useful for traits having low heritabilities,
and can also be used to quantify effects of
epistasis and genotype X environmental
interactions.

QTL analysesin short-rotation
hardwoods indicate that large proportions of
variation in many quantitative traits may be
controlled by small numbers of genes with
large effects (Bradshaw and Stettler 1995,
Grattapagliaet al. 1995). Bradshaw and
Stettler (1995) found that variable but small
numbers of QTL explained substantial
proportions of phenotypic and genetic
variation in poplar phenology, stem form,
and growth. Stem volume at age two was
largely controlled by four QTL, which
explained 49 and 86% of phenotypic and
genetic variance, respectively. Three of the
four exhibited dominance and the other
appeared overdominant. Allelesfrom
Populus trichocarpa were associated with
increased height, while those from
P. deltoides contributed to diameter. The
authors attributed heterosis for F1 volume
growth to complementary action of these
dominant aleles. For sometraits, QTL
effects varied with family background, age,
and environment, suggesting that markers
then available could not be extended to
other families, ages, or environments. Given
these findings and reliance of many poplar
breeders on heterosis from interspecific
hybridization, Bradshaw (1996) speculated
that clones could be designed and bred to
incorporate QTL for wood quality from P.
deltoides, tree form from P. trichocar pa,
early spring growth from P. maximowiczi,
and disease resistance from P. nigra.

Recently, Bradshaw and coworkers
expanded their QTL research to include
poplar wood properties. Although such
properties are heritable (see Classical
Selection and Breeding), Tuskan et al.
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(1999b) found no QTL markers for specific
gravity or lignin, cellulose, and
hemicellulose contents. They hypothesized
that the genetic model used for QTL
analyses was inadequate because each
parental specieswas represented by asingle
marker, whereas each could be contributing
several aleles. Results are being
reevaluated with an improved model and
additional SSR markers.

Mention must be made that the poplar
research described above required 10 or
more years and hundreds of thousands of
dollars. ldentifying QTL and their markers
isexpensive, and yet additional fundingis
needed for further development and transfer
of technology to breeders. Moreover,
uncertainties persist asto QTL stability over
families and populations other than those
used in development to date and across the
range of tree ages and environments typical
of those used in short-rotation forestry.

Heterosis, as noted above, is often an
objective of poplar breeders. Since testing
for heterosisis expensive, Eucalyptus
breeders have evaluated genetic markers as
ashortcut. They assumed that heterosis
results from heterozygosity, and
hypothesized that the greater the differences
between parents at neutral loci, the more
likelihood of obtaining heterosis. Using
offspring from crosses among E. globulus
provenances and RAPD markers,
Vaillancourt et al. (1995) found that genetic
distances between parents did not predict
heterosis. The authors advanced several
explanations for the negative outcome,
including the possibility that heterosis
springs not from heterozygosity but rather
from afew QTL with multiple alleles. They
also suggested that their dominant RAPD
markers yielded insufficient genetic
information. Verhagen et al. (1995) used
RAPD markers to quantify genetic distances
between E. urophylla and E. grandis parents
mated to produce interspecific hybrids.
Numerous markers were identified; most
showed considerable genetic distances



between the species, but none predicted
hybrid vigor. Tuskan (01/07) indicated that
agronomic crop breeders now hold that
heterosis results from heterotic regionsin
genomes, and that genetic distances among
parents are not useful for predicting
heterosis. More research is needed if
marker technologies are to facilitate this
valuable poplar breeding method.

Various marker technologies are
being devel oped to enhance efficiency of
the aggressive Eucalyptus breeding program
at Aracruz S.A., Brazil (see Classical
Selection and Breeding). Bertolucci et al.
(1995) have identified QTL explaining
significant proportions of phenotypic
variance in wood density. QTL influence
on screened pulp yields, a proxy for
hol ocellul ose content, however, was
considerably lower. Outcomes paralleled
those from traditional variance analyses,
i.e., wood density has a higher heritability
than pulp yield. The authors plan to include
marker information in selection indices to
improve accuracy of and reduce generation
intervals.

Also working with Eucalyptus species
and hybridsin Brazil, Grattapaglia et al.
(1995) concluded that pedigrees, crosses
between inbred lines, so useful for marker
detection in agronomic crops are not
availablein trees. They contended that
those common in tree breeding, i.e., two-
generation pedigrees of large full- or half-
sib families from crosses among
heterozygous, outbreeding parents, would
be viable substitutes. Accordingly, they
evaluated efficacy of RAPD markersfor
generating genetic maps as well as detecting
QTL and markersfor selection. Phenotypic
and genetic data were obtained from field
trials of a full-sib family derived from
crossing two E. grandis and E. urophylla
parents and a half-sib family from the same
E. grandis parent. Full-sib assaysreveaed a
number of QTL that explained meaningful
proportions of phenotypic variancein
micropropagation, rooting, and coppicing

abilities. Overlapping of QTL effects across
species was detected as was evidence that
some QTL affected more than one trait,
implying that genes controlling individual
traits either had pleiotrophic effects or were
linked. In half-sib trials, 12 QTL explained
substantial phenotypic variation in diameter
growth, specific gravity, and bark weight at
6.5 years of age. Only one, however,
exerted influence on pulp yield, an expected
outcome given itslow heritability. The
authors concluded that QTL useful for tree
breeders can be detected in almost any type
of family, but that size of QTL effect and
interactions among QTL were limiting
factors. Planswere outlined for evaluating
QTL stability over genetic backgrounds,
ages, and environments.

According to Grattapaglia (in press),
SSR mapping could unify maps across
species and resolve the question of stability
across families. Toward these ends,
Brondani et al. (1998) presented an SSR
map for E. grandisand E. urophylla,
claiming transportability across species as
well as discovery of high levels of
heterozygosity and alelic variability.
Nonetheless, further research on this key
issueisessential, lest current and future
marker technologies remain restricted to
application in the species, populations, and
pedigrees in which they were devel oped.
Until thisis achieved, maps and markers
will have to be generated for each family in
abreeding program. Also critical is
research on applicability across ages and
environments as well as on economic
feasibility.

Williams and Neale (1992) argued
that specific gravity was an ideal trait for
testing efficacy of marker-aided selection.
The trait isimportant to most breeders and
growers. Since correlations with growth are
weakly negative, continued selection for
growth could lower specific gravity to
unacceptable levels. The trait has high
heritablility, strong juvenile/mature
relationships, and little genotype X



environment interaction. Also,
measurement is expensive; sample
collection and assay costs are more than an
order of magnitude greater than those of
measuring growth. The authors projected
that marker-aided selection could cut four
years off the Pinus taeda breeding cycle.

Accordingly, efforts were launched to
discover QTL and markers for specific
gravity using a three-generation Pinus taeda
pedigree. Early research revealed several
QTL associated with the trait (Groover et al.
1994, Knott et al. 1997). Two exhibited
genotype X interactions, and the strongest
explained only 8% of phenotypic variation.
In continuing research, Tuskan et al.
(1999a) found two QTL that explained
roughly 10% of variation in early and late
wood lignin content. Two others accounted
for approximately 13% of variationin
earlywood glucan content. Y et others were
associated with hemicellul ose content.
Sewell et a. (1998) confirmed the glucan
results, and reported that several QTL
accounted for 22% of specific gravity
variation.

Using the same pedigree, Sewell et al.
(in press) recently detected nine unique
QTL associated with specific gravity and
accounting for 5.4-15.7% of phenotypic
variation. These proportions were
considered small and probably
overestimated as aresult of pedigree size
and nature. Severa others were identified
that were associated with specific gravity of
individual annual rings. Most were specific
to either earlywood or latewood. A number
of QTL, particularly for earlywood specific
gravity, were associated with the trait in all
annual rings, inferring consistent influence
across growing seasons, and therefore likely
to have sound value for breeders. Some,
however, appeared influential only in early
or later years, suggesting that further
analyses of temporal variation could help
explain developmental factors affecting
juvenile to mature wood transition.
Evidence was also presented that indicated
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most QTL exhibited additive gene action, a
finding in line with its high heritability.
Tuskan et al. (1999a) and Sewell et al. (in
press) concluded that, if verified in another
pedigree, their QTL explained sufficient
phenotypic variation to warrant testing
marker-aided selection as an aid to breeding
for improved wood properties. Sewell et al.
(in press) indicated that verification
experiments are in progress.

PROBLEMSAND PROSPECTS

Various marker technologies have
been and/or are being utilized in tree
breeding. Several are helping to manage
and execute breeding and production
programs, e.g., university/ industry/
government cooperatives help poplar
breeders determine and maintain clonal
identity. Substantial progress has also been
made in map construction and QTL
identification, especialy in Pinus taeda,
Eucalyptus species, and poplars.

As concerns marker-aided selection,
however, more questions than answers are
apparent. Challengesto application in tree
breeding include not only those facing
agronomic crop breeders but also others
unique to trees (Strauss et a. 1992).
Linkage equilibrium and high
heterozygosity are common. Most
important traits are quantitative and have
modest heritabilities, weak age/age
correlations, and often substantial genotype
X environment interactions. Finally, most
tree breeding enterprises are designed to
accumul ate favorable alleles via recurrent
mating and selection in large populations.

High heterozygosity has several
implications for marker development and
application, not least of which is the impact
of differing genetic backgrounds. The
danger isthat QTL expression in offspring
of across may differ dramatically from that
in offspring derived from crossing one of
the same parents with yet others. Problems
of variable responses have been noted even



in highly domesticated crops. Beaviset al.
(1991), e.qg., reported that few QTL
associated with Zea mays height growth
were common across F2 populations
produced frominbred lines. In arecent
review, Sewell and Neale (in press)
acknowledge problems posed by
inconsistency across genetic backgrounds
and stressthat QTL must be verifiedin
diverse genetic backgrounds before they can
be used effectively by breeders. They
argued, however, that techniques for QTL
detection have improved and can now be
extended to devel oping consensus maps for
families, populations, and species. As
evidence, they cited recent research on
Eucalyptus species showing that QTL for
similar traits map to the same linkage
groups and that QTL for correlated traits
map to similar locations in different genetic
backgrounds.

Inconsistencies across ages also are a
concern. As noted above, Bradshaw and
Stettler (1995) reported variation in strength
of QTL associations with age in poplar. On
the other hand, Campinhos et al. (1996)
reported that QTL expression in Eucalyptus
grandis was stable at early ages. Some
age/age interaction is expected, in that many
traits, e.g., height growth, exhibit weak
phenotypic and genetic correlations among
ages. Such interactions may not be al that
problematical in short-rotation forestry, but
the issue should be clarified if breeders are
to develop confidence in marker
applications. In connection with
inconsi stencies among both ages and
environments, Sewell and Neale (in press)
note that the more sophisticated marker
technologies now available can and will be
used not only to clarify such issues but aso
to capitalize onthem. Thatis, QTL
analyses can be used for so-called trait
dissection and characterization of genetic
architecture. Asan example, they cited
recent research on QTL affecting specific
gravity in Pinus taeda (Sewell et a. in
press). A number of QTL were detected
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that explained substantial phenotypic
variation in early versus late wood and that
affected juvenile wood but not mature
wood. The authors argued that further QTL
analyses will contribute toward
understanding of factors and processes
underlying development both within and
across growing seasons. They also
acknowledged the need for accelerated
research on genotype X environment
interactions. In the meantime, any QTL
consistent across not only genetic
backgrounds but also ages and environments
should be tested for use by breeders.

Sewell and Neale (in press) further
contend that one of the most helpful
outcomes of marker research and
development will be minimizing the genetic
distance between markersand QTL and
eventually identifying candidate or potential
candidate genes. The geneitself could then
be used as a marker, thereby increasing
probability of identifying individuals
possessing it, even if from different genetic
backgrounds, ages, and/or environments.
This would also permit studying not only
the genetics but a so the biochemistry and
physiology of the trait and perhaps allow
isolation of the gene for transfer into other
desirable trees. The authors described
several approaches for achieving these ends.
Given the size and complexity of most tree
genomes, they recommended a combination
of techniques, since gene discovery methods
used in agriculture will not be effectivein
trees. Along theselines, Sterky et al. (1998)
isolated numerous Expressed Sequence
Tags from poplars, a number of which
appeared to be involved in lignin and
cellulose biosynthesis. Research on this
front seems of high priority, sinceit will
benefit both classical selection and breeding
and genetic transformation.

Costs of developing and applying
marker technol ogies must also be addressed.
Assembling pedigrees required for genetic
analyses of treesis costly, and much marker
research has been done on a retrospective



basis, often with pedigrees not all that well
suited. In consequence, relatively small
ranges of genetic backgrounds have been
used, and the precision with which QTL
number and effect has been restricted.
Grattapaglia (09/08) has argued that
proportions of phenotypic variation
explained by QTL, asgiven in the literature,
are overestimated. Sewell and Neale (in
press) agreed, and also suggested that QTL
numbers have been underestimated.
Remedying these problems could be costly,
as larger and more suitable pedigrees will be
needed. In sexually propagated species,
every tree used to measure phenotypic
variation represents a unique genotype to
analyze. Problems can be somewhat muted
in clonally propagated species, e.g., poplars,
since precision of phenotypic measurements
can be increased by assaying ramets within
clones. Since numbers of genetic analyses
do not increase in paralel, precision can be
raised without large cost increases. In
addition, clonal tests can be designed to
permit assay of genotype X environment
and planting year interactions as well as
epistatic effects (Bradshaw and Foster
1992). Inany event, either better
technologies that make use of available
pedigrees must be developed or greater
financial resources must be allocated to
assemble pedigrees of appropriate nature
and size. Building thisinfrastructure could
divert funding from breeding unless
additional resources are made available.
Returns on investment in marker
technologies have also been questioned. To
address thisissue, van Buijtenen (1997)
performed a series of simulation analysesin
which classical selection and several forms
of marker selection for wood properties
were compared for atypical Pinus taeda
breeding program. Costs of marker use
were $100,000 per year for 15 years.
Comparing costs and returns from classical,
marker only, and marker index selection
showed that classical selection gave the

highest benefit/cost ratios. Marker index
selection produced greater genetic gains, but
high costs reduced its benefit/cost ratio.
Deploying funds required for marker
application to raise breeding population size
and selection intensity gave a benefit/cost
ratio exceeding that for marker index
selection. Comparisons of using markers
for early selection to classical selection
showed that the latter approach gave greater
gains but alower benefit/cost ratio
regardless of heritability. Nonetheless,
marker only selection had to provide at |east
a 15 year time advantage to produce equal
or better discounted benefits and a 25- to
30-year advantage to yield a higher
benefit/cost ratio. Simulations for traits
especialy expensive to measure, e.g., fiber
dimensions, indicated that marker only
selection was advantageous. Though not
performed, simulations for wood chemical
properties, e.g., lignin content, conceivably
could yield similar outcomes. For clonaly
propagated species, marker only selection
was profitable by virtue of saving time and
closely matching wood properties to
products.

Along similar lines, Johnson et al.
(unpublished) simulated feasibility of using
marker-aided selection to improve growth,
tree form, and specific gravity of
Pseudotsuga menziesii. Assumptions
included trait heritabilities of 0.25, 0.25, and
0.45, respectively, 50-year rotations, and
restriction of markers to use within families
for the foreseeable future. Resultsindicated
that gains from marker-aided selection
relative to those from classical selection
varied with family size, magnitude of QTL
effects, and land area over which improved
materials were planted. Imprecise
measurement of QTL as aresult of limited
family sizes was a particular concern.
Windows of profitability were so narrow
that the authors argued that more and better
markers must be available to estimate rates
of return with reasonable accuracy. They



also advocated increases in family sizes,
even if future research reduces marker costs.

In addressing rates of returnin
clonally propagated species, Teasdale
(1995) projected that profitability of marker
applications would vary directly with the
land area over which improved clones are
planted and with their useful lifetimes.

As noted above, technical difficulties,
e.g., restriction to use only for within-family
selection, suggest that marker-aided
selection is not yet sufficiently devel oped
for usein tree breeding. The foregoing
further indicates that factors affecting
economic returns, e.g., costs of development
and application, time savings and genetic
gains, clone/family numbers and useful
lifetimes, and extent of use, also figurein
determining utility. All considerations,
technical and economic, indicate that
efficiency of marker-aided selection must
increase substantially before it will be
accepted and applied by tree breeders.

PERSONAL COMMUNICATIONS

Views concerning utility of genetic
marker and map technologies for improving
feedstock quality varied widely. Most
genetic transformation specialists were not
familiar with applications beyond their own
needs and were insensitive to cost. They
also regarded, as feasible, using markers to
verify fidelity of cell and tissue cultures,
confirming presence of transgenes, and
monitoring potential flow of transgenes into
natural populations. Such applications are
not unlike those in agronomic crops

Breeders, in contrast, focused on
marker-aided selection and were quite to the
point in their remarks. Most argued that the
technology is not ready, and that serious
efforts to undertake application, except in
certain situations, would be premature.
Routine use awaits markers that are
generalizable across pedigrees,
environments, ages, and generations. Most
foresaw first utilization in poplar breeding

35

programs involving interspecific
hybridization and intensive within-family
selection. Marker specialists viewed
poplars as a“test bed,” but some cautioned
that commercial use would not be profitable
unless large numbers of clones are planted
over large land areas.

Asfor immediate application, most
interviewees agreed that markers are useful
for confirming clone identities and
safeguarding proprietary germ plasm.
Several breeding and marker specialists
from large forest products firms aso
indicated that markers are or are about to be
used to facilitate selection for certain
“niche’ traits, e.g., disease resistance and
high value wood properties that are costly to
measure.

Breeders, interestingly, were much
more sensitive about costs of marker
development and application than about
those for transformation. Marker costs were
seen as large relative to prospective returns,
and concern was expressed about
reallocation of resources from breeding to
marker projects. In contrast, transformation
was viewed as more complementary to, than
competitive with, breeding. Marker
specialists generally acknowledged the need
for new techniques that would cheapen both
research and application and emphasized
approaches that would facilitate
generalization. Imprecise QTL estimates
were acknowledged; marker specialists are
seeking inexpensive solutions.

Industrial marker specialists, by and
large, were optimistic and expected that
marker-aided selection would be applied
within five years, that cheaper and better
techniques will become available, and that
competition among emerging service
laboratories will help reduce costs.

Given a choice, many interviewees
would prefer to channel research from
markers to identifying specific genes.
Breeders view such research as providing
means for achieving accurate and efficient
selection across genetic backgrounds, ages,



environments, and generations. Marker
specialists agreed but foresaw other
meaningful uses aswell.

A few marker specialists, who were
alert to recent research on transformation
and mutants, viewed lignin biosynthesis as
highly variable and plastic. They
volunteered the view that markers can be
found for and used to alter lignin content.

Breeding and marker specialists
agreed that verification of marker utility is
essential. Testsin different pedigrees are
satisfactory for the near-term, but most
would prefer results from trials spanning
multiple pedigrees, ages, and environments.

Regardless of employer, breeders
viewed markers as best applied by
university or other cooperative and/or
private service laboratory firms. Only those
representing the largest private companies
foresaw their organizations performing such
activities. Marker specialists agreed with
the service laboratory, cooperative or
private, approach. The few transformation
specialists who had thought about
technology transfer had similar views.

On average, interviewees regarded
genetic marker and map technologies as
having limited practical valuein the
immediate future. Severa short-term
marker uses were viewed as viable, but
marker-aided selection was considered a
technology of the future.

SUMMARY AND CONCLUSIONS

In recent decades, diverse
technol ogies have been devel oped for
detecting and characterizing genetic
variability in forest trees. Various DNA
markers are being used to help manage
breeding and production populations; future
research should extend such markersto
gender determination and monitoring gene
flow from transgenic trees to natural
populations. Investigationsin poplar and
other short-rotation species have also
provided useful information about genomic
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structure and organization. Technologies
and genetic maps now available or being
developed will facilitate detection of QTL,
set the stage for marker-aided selection, and
foster study and isolation of specific genes.

Deciding whether and which marker
technol ogies to use depends not only on
advantages and disadvantages of individual
approaches but aso on costs of adding the
effort relative to economic returns received
from increases in genetic gain per unit time.
In the near term, marker-aided selection
could prove useful for improving traits that
are ssimply inherited, have high value, and
aredifficult to measure, e.g., disease
resistance. Over the longer term, however,
advocates must demonstrate that marker-
aided selection increases accuracy of
selection for quantitative traits and saves
time and money. Decisions seem best made
on acase by case basis, i.e., marker-aided
selection will prove profitable only for
certain kinds of traits and under specific
conditions (Sewell and Neale, in press).

On the one hand, marker-aided
selection does not seem useful for traits that
can be improved with ease via classical
selection and breeding, e.g., volume growth
in Eucalyptus species. Genetic variation is
abundant, heritabilities are high,
juvenile/mature correlations are strong, and
rotations are short. In thisinstance,
substantial gain can be achieved via
classical breeding without great expense.
Since time savings will be small, marker-
aided selection, given its cost, is unlikely to
produce acceptable returns.

On the other hand, high cost of
marker technologies may be justified for
traits that
are difficult or expensive to measure and
have high value or contribute greatly to cost
control, even if they have high heritabilities,
strong age/age correlations, little genotype
X environment interaction. Time savings,
under these circumstances, would be a
bonusif accuracy and cost of selection were
improved. Outcomes would be especially



favorable if economic impacts of
improvements on the many stepsin
production and manufacturing were known
and could be used to construct selection
indices.

Unfavorable returns can be expected
from marker applications to traits having
low heritabilities and/or low value. QTL
analyses, however, could dissect such traits
into their components, some of which could
have higher heritabilities. Markers could
then be used for those components provided
gainsin value and time were useful.

Where do feedstock quality traits,
e.g., lignin content, lie on the gradient
between these extremes? Genetic
information for lignin content is not
especially abundant (see Classical Selection
and Breeding) but seems sufficient for
debate of feasibility. Variationinthetraitis
small, ranging from 2-10 percentage points.
Relatively few heritability estimates are
available, but are mostly modest to high.
Little information is available on other
genetic parameters, but age/age correlations
probably are adequate, especialy in short-
rotation hardwoods. Small genotype X
environment interactions have been
observed. Correlations with growth tend to
be negative, though weak and variable.

Lignin content has been expensive to
measure. Sample collection costs are on a
par with those for other wood properties,
e.g., specific gravity, but traditional
laboratory assays cost several hundreds of
dollars per sample (see Measurement of
Feedstock Quality). Costs havefalenasa
result of advances in instrumentation and
methods; costs for poyMBMS assays are $15
per sample. Vaueisdifficult to pinpoint.
Even a single percentage point reduction in
lignin content would yield substantial costs
savings in the paper industry. Impacts on
ethanol processing, though uncertain, should
be meaningful.

Against this background, lignin
content seems atrait for which marker-aided
selection could be justified. Additional
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information on classical genetic parameters,
QTL number and strength, and economic
impact would facilitate decisions. Although
lagging behind that on some other wood
properties, e.g., specific gravity, QTL
research is under way in poplars, and
definitive data should be available in ayear
or so. Similar prognostications could be
shared for cellulose and hemicellulose
contents and specific gravity, but one
example should illustrate the point. Suffice
it to say that QTL have been found for
cellulose content in Pinus taeda and
Eucalyptus species, athough represented by
aproxy, pulp yield, in the latter case.
Research on QTL for specific gravity is
well-advanced in Pinus taeda, and markers
already are being deployed in Eucalyptus
breeding.

Of immediate need then is continued
research on poplar QTL identification and
dissection. Future experiments seem best
one with diverse genetic backgrounds and
large sample sizes, with clonal replication
across multiple locations. Attention should
also be given to devel oping consensus maps
S0 as to ensure information transfer across
families, populations, and species.
Investigations to identify candidate genes,
and elucidate the basis of heterosis are also
critical.

Financial requirements for devel oping
genetic markers equate essentially to the
infrastructure of afull-fledged breeding
program. Additional costswill beincurred
for implementation and monitoring.

Proving benefits of such investments will be
difficult. Expectations should not be
overstated, and hard experimental data must
be accumulated on realized biological
outcomes and economic gains. Validation
of marker research and application should
have high priority and preferably involve
paired comparison trials spanning most or
all of aharvest rotation.

Even faster development of marker
and mapping technology should occur in the



future as spin-offs from the Human Genome
and Arabidopsis thaliana projects. Spread
of these technologies could be accompanied
by creation of more numerous and
sophisticated university/industry
cooperatives and/or privately owned service
laboratories. Such organizations, at first,
probably will focus on aiding breeders with
program execution and management. With
time, however, they could expand to
applying maps and markers to help breeders
with selection of new parents and early

selection within families. If these activities
prove profitable, more sophisticated
applications could follow. Fostering
expansion of such enterprises could prove
worthwhile.

Finally, many classical and molecular
geneticists use poplars as model species.
Thisvirtually ensures rapid progress, and
the BFDP can look forward to exploiting the
outcomes, particularly if it provides
judicious, balanced support to the most
critical research, development, and
technology transfer endeavors.

GENETIC TRANSFORMATION

Numerous analysts have argued that
modifying lignin and cellulose contents via
genetic transformation is both desirable and
possible. Aslong ago as 1988, altering
softwood lignin to be more like that of
hardwoods was estimated as saving $U.S. 6
billion in pulping chemical costs alone
(Timmis and Trotter 1989). Reduced lignin
content was projected to yield similar
savings. Lower lignin and/or higher
cellulose contents are also likely to improve
ethanol production efficiency. No wonder
that a host of investigators in the United
States and offshore are pursuing aggressive
research on this front.

Genetic transformation can bring a
variety of benefits to tree improvement.
Should genes for adesired trait not exist in
the species of interest, they can be procured
from other organisms and transferred into
trees slated for breeding and/or planting.
Thus, several organizations are inserting
genes from hardwoods into softwoods so
that both syringyl and guaiacyl lignin
(Fig. 2) will be synthesized, the goal, as
noted above, being improved softwood
pulping efficiency. Transformation can aso
be used to alter expression of native genes,
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i.e., to increase or decrease activity of
desirable genes. Thisinvolvesisolating the
genetic system in question, copying genes
and controlling elements (promoters),
synthesizing genetic constructs that enhance
(sense) or obstruct (antisense) expression of
native genes, and then inserting appropriate
constructs into otherwise improved trees.
Accordingly, antisense constructs are being
used to suppress expression of genes
affecting lignin biosynthesis, and sense
constructs to enhance cellulose biosynthesis.
By virtue of cosuppression, sense constructs
are sometimes used to reduce activity of
target genes. Not to be overlooked is that
transformation can save time via bypassing
the sexual cycle and often long generation
intervals. Gene transfer should, thus, be
viewed as complementing, rather than
competing with, classical selection and
breeding.

Ideally, traits considered for change
viatransformation should have high
economic value, be modified such that
improvement is large relative to that
attainable by other methods, be the product
of areasonably well understood
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biochemical pathway, and be controlled by
one or afamily of related genes. Moreover,
modification should not adversely affect
survival and growth. Lignin content meets
these criteria rather well, although
information is limited on survival and
growth. Moreover, lignin cannot be
converted directly to fermentable sugars and
has few uses beyond processfuel. Asa
result, advocates of genetically modifying
feedstock quality generally have favored
reducing lignin content. Raising
carbohydrate content was once considered
difficult (Dinus et a.1990). Biosynthetic
pathways were viewed as more complicated,
with greater potential for adverse side
effects, than that for lignin. Thisview has
changed; research on modifying cellulose
biosynthesisis aggressive, and results are
also included.

Several methods are used for poplar
transformation, and a number of genes have
been inserted and expressed in various
species and hybrids. The first such
achievement involved a gene conferring
herbicide tolerance (Fillatti et a. 1987).
Indeed, poplars are now regarded as a model
system for transformation as aresult of the
ease with which many can be manipul ated
in and regenerated from cell and tissue
cultures (Chandler 1995, Dinus and Tuskan
1997). Improvements in transformation
efficiency and extension to wider arrays of
genotypes, however, remain important
research needs (Han et al. 1996, Dinus and
Tuskan 1997). Transforming and
regenerating the many genotypes used in
commercial breeding and planting programs
represents a formidable task.

Against this background, the
following highlights the lignin biosynthetic
pathway possible points for intervention via
transformation, and the outcome of attempts
to change lignin quantity and composition.
Information from recent attempts to modify
cellulose biosynthesis is aso presented.
Findings from poplar research are
emphasized, but some results from other
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species are also included. Thus, the
following sections are highly targeted and
should not be considered an exhaustive
summary of old and new literature on
modification of lignin in multiple plant
Species.

LIGNIN BIOSYNTHESIS

The lignin biosynthetic pathway
(Fig. 2) isfairly complicated but short.
Basic features have been known for some
years (Campbell and Sederoff 1996).
Changes in our understanding of it have
been frequent, especially in recent times, as
genetic transformation has become a major
investigative tool. Phenylalanine, an
aromatic amino acid produced via the well
documented shikimic acid pathway,
generally isregarded as the starting point
for lignin biosynthesis. This compound is
deaminated by the enzyme, phenylalanine
ammonialyase (PAL) (Fig. 2).

In a series of subsequent reactions,
aromatic nuclei are hydroxylated first at C4
(4-coumarate) and then at C3 (caffeate). As
outlined in Fig. 2, 4-coumarate and caffeate
are then further transformed to give the
4-hydroxyphenyl monomeric precursorsin
grasses and hardwoods as well asthe
guaiacyl monomersin al higher plants.

Hardwood lignin contains both
syringyl and guaiacyl monomers.
Formation of syringyl monomers involves
C5 hydroxylation and subsequent
methylation (Fig. 2). The means by which
4-coumarate, caffeate, and/or ferulate are
converted to syringyl intermediates,
however, has been the subject of much
debate and research in recent years.
Enzymes implicated at one time or another
in these interconversions include:
O-methyltransferases (OMT), ferulate
5-hydroxylase (F5H), caffeate
O-methyltransferase (COMT), 4-coumarate
CoA ligase (4CL), coumaroyl CoA
3-hydroxylase (CCoA3H), caffeoyl CoA
O-methyltransferase (CCoAOMT), and



cinnamoyl-CoA reductase (CCR). Recent
findings (Hu et al. 1999, Li et a. 1999, Li et
al. 2000) indicate, however, that
hydroxylation and methylation occur at
other than the acid precursor level in
hardwoods, with transformations occurring
asindicated by the heavy arrowsin Fig. 2.
Different enzymes and routes may be
involved in other angiosperms, e.g., an
Arabidopsis thaliana mutant deficient in
F5H has been found to produce virtually no
syringyl monomers (Maritaet al. 1999).
Thefinal step in monomer synthesis
involves conversion of coniferyl and sinapyl
aldehydes to their respective acids by
cinnamy! alcohol dehydrogenase (CAD).

Once the primary precursors of
hardwood lignin, coniferyl and sinapyl
alcohols, are synthesized, they must be
moved to appropriate sites for
polymerization or transported to storage
sites and then remobilized. Most
investigators agree that the alcohols are
glycosylated to coniferin and syringin for
transport and remobilization.
Glucosyltransferases and glucosidases are
involved in these functions, but their roles
are not well understood (Campbell and
Sederoff 1996). Given further information,
modifying these functions, however, would
seem rather precise ways to reduce
lignification.

According to older reports, the last
step catalyzed by enzymesin lignin
biosynthesis is dehydrogenation of synapy!
and coniferyl alcohols to their phenoxy
radicals by peroxidases. Theradicalsare
thought to then couple “randomly” without
aid of other enzymes. Much controversy
existsin this area, as some investigators
argue that laccases (Dean and Eriksson
1992) and/or other oxidases (Savidge and
Udagama-Randeniya 1992) are also
involved, either alone or with peroxidases.
Some investigators further contend that
polymerization is not “random” but occurs
in accordance with atemplate established by
cell wall proteins, other spatial and temporal

factors, and interactions with enzymes
affecting linkages to carbohydrates. Just
how polymerization occurs remains
conjectural. Nature and frequency of
linkages to carbohydrates are likewise
uncertain.

Scientists investigating prospects for
modification via genetic transformation
have concluded that lignin quantity/quality
can be regulated by levels and proportions
of precursors available for polymerization.
Decisions on intervention are made against
this background, with consideration given to
other factors aswell. For example,
intervention using antisense constructs to
reduce PAL activity would seem certain to
reduce precursor abundance, but intervening
this early in the pathway could also affect
synthesis of other metabolites. Actually,
steps through formation of the thioestersvia
4CL action are known to provide
intermediates for biosynthesis of flavonoids
and other compounds that function in other
essential metabolic processes. In
conseguence, most attempts to modify
hardwood lignin biosynthesis have focused
on enzymes involved in transformations
later in the pathway. Suppressing CAD
activity, e.g., has been viewed a potent
means for reducing coniferyl alcohol
supplies with minimal side effects. Another
possibility is regulation of lignin quality by
using antisense and sense constructs to
increase synthesis of sinapyl at expense of
coniferyl alcohol. This approach could be
used to raise SGR, should this characteristic
be found to improve ethanol conversion
efficiency.

LIGNIN: RESULTSFROM
TRANSFORMATION RESEARCH

Findings from genetic modifications
such as those mentioned above as well as
others are discussed below, with emphasis
on intervention at points not likely to affect
functions other than lignification. Results
are summarized, primarily for poplars, by



enzyme, in order from beginning to end of
the biosynthetic pathway. Some
experiments have produced results useful

for application in ethanol conversion, while
others have yielded unexpected outcomes.
All, however, have expanded our knowledge
of the lignin biosynthetic pathway.

PAL

Some research on manipulating this
enzyme in trees was performed in early
years. Most investigators, however,
switched emphasis to other enzymes due to
concern over pleiotrophic effects. In
addition, many different forms of PAL exist,
and determining which is active when and
where is difficult (Campbell and Sederoff
1996). Bateet al. (1994), however, used
antisense constructs to modify PAL activity
levels in tobacco (Nicotiana tabacum).
Plants with varying degrees of PAL activity
were produced. Even at severe levels of
suppression, phenotypes and flavonoid
synthesiswere normal. Lignin quantity,
however, was reduced, presumably by the
flavonoid pathway being more competitive
than that leading to formation of lignin
precursors. Sewalt et al. (1997b) found that
PAL suppression reduced lignin content in
tobacco but also noted increased SGR.

OMT/COMT

Enzymes of this type are thought to
catalyze the ortho-methylation of caffeate to
ferulate and 5-hydroxyferul ate to singpate in
some plants and have a so been implicated
in methylation of other intermediates
(Fig. 2). Dwivedi et al. (1994) transferred
antisense constructs for an OMT specific to
Populus tremuloides into tobacco. OMT
activity was suppressed in stems by an
average of 29%, and syringyl content was
somewhat reduced. Using sense and
antisense constructs of varying lengths,
Rossitza et al. (1995) transformed tobacco
and evaluated responsesin terms of lignin
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content and composition. Response varied
with construct length; constructs equal to
full length of the gene were most effective.
Insertions proved stable and were
transmitted to offspring as a Mendelian trait.
Sense constructs increased OMT activity by
170 to 370% of nontransformed controls but
did not affect lignin quantitatively or
qualitatively. Few instances of
cosuppression were observed. Antisense
constructs suppressed OMT activity but did
not affect lignin content. Composition,
however, was modified; SGR were lowered
and an unusual lignin precursor, 5-
hydroxyconiferyl alcohol, was produced.
The authorsinferred that lignin content
would be reduced only when antisense
constructs reduced OMT activity by 80% or
more. They added that the OMT catalyst
used in their research did not methylate
caffeate efficiently and suggested that
COMT would be more effective.
Doorsselaere et al. (1995) produced
four hydrid poplar clones with reduced
COMT activity viatransformation with an
antisense COMT construct. None exhibited
reduced lignin content. Severely suppressed
clones, however, had lower SGR, aresult of
decreased syringyl and increased guaiacyl
contents. In addition, anovel lignin
monomer, 5-hydroxyguaiacyl, was
produced, presumably the same compound
described by Rossitza et al. (1995) in
tobacco. Xylem wasrose colored, a
phenotype resembling those of bmr3 and 4
maize mutants. The authors expressed
concern that several COMT forms exist in
trees, with temporal and spatial expression
varying in unknown ways, and noted that
COMT antisense constructs have reduced
lignin content in very few plant species.
After transforming (Populus
tremuloides) with a COMT sense construct,
Tsai et al. (1998) found increased activity in
leaves, but lower activity (cosuppression) in
stems. Lignin content was not affected, but
SGR were decreased, red coloration was
induced, and synthesis of a 5-hydroxyl



guaiacyl monomer, as noted above, was
observed. The red xylem coloration was
attributed to incorporation of coniferyl
aldehyde in the lignin polymer.

Lapierre et al. (1999) analyzed the
same or similar hybrid poplars described by
Doorsselaere et al. (1995) after two growing
seasons. Lignin content of transgenic trees
did not differ from controls, but an
increased frequency of guaiacyl units as
well as C5-C5 biphenyl linkages was found.
The lignin was more condensed and proved
more resistant to kraft pulping. The authors
speculated that intervention at other points
in the pathway, e.g., suppression of 4CL
activity, might be more productive. Boerjan
et al. (1999) confirmed these results and
indicated that field trials are being
continued.

Osakabe et al. (1999) addressed the
guestion of how guaiacyl intermediates are
hydroxylated and methylated to form
syringyl monomersin hardwoods. They
provided evidence explaining some of the
aforementioned outcomes and clarifying
other questions about the pathway.
According to these authors, the main route
to synthesis of syringyl units does not
involve conversion of ferulate to 5-
hydroxyferulate, followed by methylation to
sinapate and reduction to sinapyl acohol.
Instead, the preferred route occurs later in
the pathway (Fig. 2), with coniferyl
aldehyde being converted by coniferyl
aldehyde 5-hydroxylase (CAId5H) to
5-hydroxyconiferyl aldehyde which is then
methylated by COMT to form sinapyl
aldehyde. Li et a. (2000) confirmed these
findings, and further demonstrated that a
specific enzyme, 5-hydroxyconiferyl
aldehyde O-methyltransferase (AIdOMT)),
rather than COMT, is responsible for
methylation.

4CL

In angiosperms, this enzyme catalyzes
conversion of 4-coumarate, caffeate,
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ferulate, 5-hydroxyferulate, and sinapate
acidsto their respective thioesters. In early
research with Pinus taeda, Voo et a. (1995)
disclosed evidence that 4CL had the same
form in normal and compression wood and
suggested that only one gene was involved.
Zhang and Chiang (1997) subsequently
suggested that two nonalleleic genes were
responsible for 4CL production and that at
least one of them was expressed in
developing xylem. They further noted that
substrate specificity and activity of one
enzyme form varied between normal and
compression wood.

Hu et al. (1998) discovered two
functionally and structurally distinct 4Cl
genes, Pt4CL1 and Pt 4CL 2, in aspen.
Pt4CL 2 was expressed in leaf and stem
epidermal layers, suggesting involvement in
synthesis of intermediates for production of
flavonoids and phenolics, i.e., functions
other than wood formation. In contrast,
Pt4CL 1 activity was specific to lignifying
xylem tissues, implying more or less
specific involvement in lignin biosynthesis.
Pt4CL 1 was considered a good target for
genetic modification.

Transformation with antisense
constructs for Pt4CL 1 yielded aspen trees
with up to 45% reduction in lignin content
and 15% increase in cellul ose content
relative to controls (Hu et al. 1999). Neither
lignin properties nor structure were
changed, asis so often observed when other
enzymes are manipulated. Also important
were changes in hemicellulose composition.
Xylose contents were unchanged, but those
of arabinose (C5), galactose (C6), and
rhamnose (C6) were increased, and the
galactose/arabinose ratio was increased.
Transgenic plants are growing faster than
controls but are morphologically and
anatomically normal. Cellulose synthase
transcription was not increased; the higher
cellulose content may have resulted from
diversion of carbon to cellulose synthesisin
compensation for reduced structural support
associated with lesslignin. Y et other



factors could be involved, and causes for
elevated cellulose synthesis are being
investigated. The trees have been moved to
field trials after several years of growthin
greenhouse.

Echoing these findings, Douglas et .
(1999) identified four 4CL gene family
members in Populus trichocarpa and its
hybrid with Populus deltoides. One gene,
4CL 3, is expressed in developing xylem and
considered similar to the Pt4CL 1 gene
discovered by Hu et a. (1998) and used by
Hu et al. (1999) to create transgenic aspen
with reduced lignin content. Another gene,
4CL 4, was expressed mainly in leaves and
appeared related to the Pt4CL 2 gene found
by Hu et a. (1998). Substrate affinities of
enzymes synthesized by 4CL 3 and 4CL4
were similar to those reported by Hu et al.
(1998) for Pt4CL1 and Pt4CL 2,
respectively. Transformation with antisense
constructs yielded plants with reduced 4CL
activities but that otherwise appear normal.
At time of thiswriting, lignin quantity and
composition had not been assayed (Douglas
10/13).

Manipulation of 4CL genes such as
those reported by Hu et al. (1999) holds
great promise for ethanol production.
Especially noteworthy is that manipulating
this enzyme resulted in the first significant
reduction in lignin content, and that
reduction was achieved without adverse
effects on lignin composition and structure
or tree growth. Said manipulation also
increased cellulose/lignin ratios, a clear
benefit to ethanol processing efficiency.
Effects on hemicellulose composition are
also of value, and further research on this
aspect seems imperative. Finally, the results
open the door to research on using 4CL
genes in combination with others affecting
lignin and/or cellulose biosynthesis.

CCoAOMT

This enzyme is thought to participate
in conversion of caffeoyl-CoA to feruloyl-

CoA and, perhaps, 5-hydroxyferuloyl-CoA
to sinapoyl-CoA. Few reports were found
on modification of CCOAOMT activity in
trees, but several European laboratories are
contemplating or have initiated research.
Boudet and Grima-Pettenati (1996) called
for investigation of suppressed CCOAOMT
activity alone and in combination with
suppression of other genes so asto tailor
lignins to specific manufacturing ends.
Baucher et al. (1997) indicated that
experiments with transgenic trees arein
progress.

CCR

Research on this enzyme in poplars
and other trees has been limited until recent
years. A gene coding for CCR was isolated
and cloned from Eucalyptus gunni by
Lacombe et al. (1997). Expression was
observed in differentiating stem and root
xylem, but some expression was also found
in leaves, suggesting that CCR reactions
contribute to formation of productsin
addition to lignin.

Piquemal et al. (1998) transformed
tobacco with an antisense construct for the
CCR Eucalyptus gunni gene mentioned
above. Lignin content and composition,
growth, and other phenotypic characteristics
were examined in progeny of the original
transformants. Most offspring had orange-
brown lignin that differed not only from
controls but also from plants transformed
with CAD antisense constructs. Coloration
was attributed to accumulation of ferulate,
sinapate, and acetosyringone in cell walls.
Increased SGR were also found, primarily
caused by decreased guaiacyl content.
Plants with severely suppressed CCR
activity had aroughly 50% reduction in
lignin content, but also had reduced growth,
collapsed vessels, and abnormal |eaves.
Those with less severely suppressed activity
had normal lignin content and growth.
Thelir lignin, however, contained fewer [3-O-
4 linkages and dlightly more carbon-carbon



bonds than that in controls. Boerjan et al.
(1999) reported ongoing eval uation of
transgenic poplars with modified CCR
levels. Inyet more recent research on
tobacco, Pilate (10/18) found reduced lignin
content and higher SGR levels without
growth abnormalities and plans to extend
his investigations to poplar.

CAD

The earliest research on CAD
manipulation was performed in tobacco and
softwoods. In recent times, considerable
research has been done with poplars. Given
the sizable backlog of information, much of
which isvery similar, the following
discussion is limited to poplars plus afew
supporting tobacco reports.

In an early report on tobacco, Halpin
et a. (1994) effectively set the stage for
what has been found in poplar
investigations. Transformation with CAD
antisense constructs had little or no effect
on lignin content but did cause several
changes in composition. Transgenic plants
incorporated fewer cinnamyl alcohols and
more cinnamyl aldehydes into lignin than
did controls, and exhibited a red-brown
coloration in xylem tissues similar to that of
bmr maize mutants. The modified lignin
also proved more easily extracted by
alkaline pulping chemicals. Transformants
were otherwise normal in appearance.

Boudet and Grima-Pettenati (1996)
obtained similar findings in poplar.

Baucher et al. (1996, 1997) confirmed these
early results and further found that SGR
were not changed, and that a number of free
phenolic compounds, e.g., vanillin and
syringaldehyde, accumulated in cell walls of
transgenic poplars. Along similar lines,
analyses of tobacco plants transformed with
CAD antisense constructs confirmed
increased frequency of aldehydes as
opposed to alcoholsin aswell asless
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condensation of lignin (Stewart et al. 1997).
These phenomena explain the greater ease
with which such lignin is extracted by
alkaline pulping chemicals. Changes of this
type, however, are not likely to have
favorable effects on ethanol conversion
processes, which employ acid rather than
alkaline environments. Actually, such
modifications, especially those adding free
compounds to cell walls, could indeed be
detrimental .

Lapierre et al. (1999) provided
additional data on changesin poplar lignin
composition caused by CAD antisense
constructs. Lignin content of 2-year-old
trees was only slightly lower than that of
controls. Frequency of guaiacyl unitsand
labile ether bonds were similar to those in
controls, but proportions of free phenolic
groups were higher. The red-brown
coloration noted above was ascribed to
syringaldehyde contents greater than those
of controls.

In a somewhat more positive vein,
Pilate et al. (1999) inserted a CAD antisense
construct into a different poplar genotype
than that used in most of the aforementioned
research by Baucher et a. (1996) and
Lapierreet a. (1999). CAD activity was
suppressed to afar greater extent, aresidua
activity of 2 to 3% as opposed to 20%.
Noteworthy also were a 10 to 15%
reduction in lignin content, lower SGR, and
incorporation of various atypical
compoundsin the lignin.

To further complicate the CAD
picture, arecent report on feeding
radioactive precursors to shoots of three
hardwood species suggests that syringyl
alcohol can be produced by enzymatic
conversion of coniferyl alcohol (Fukushima
et al. 1999). Confirmation of this route plus
identification of the enzyme and gene could
prove useful. Knowledge of lignin
biosynthesis has been enlarged grestly in
recent years, but much clearly remainsto be
understood.



Glucosyltransferases and Glucosidases

As described in a previous section,
storage and transport of lignin monomers
are required to ensure that polymerization
occurs in appropriate places and times. The
directed literature search conducted for this
report did not yield much information on
manipulation of these functionsin trees.
This outcome should not be interpreted to
mean that advances have not occurred;
personal communications suggest that
information is fast becoming sufficient to
support research on genetic modification.

Douglas (10/13) hasidentified a beta-
glucosidase as a potentia target for
manipulation. The enzymeis expressed in
cell walls of Picea glauca and ostensibly is
involved in removing glucose from
coniferin, thereby remobilizing coniferyl
alcohol for polymerization. The gene was
identified, and antisense constructs were
used to transform Picea glauca somatic
embryos. Transgenic trees have been
recovered and are being grown to sizes
sufficient to determine if intervention
affects lignification. Savidge and Forster
(1998) have identified a coniferyl alcohol
glucosyltransferasein conifers. Activity is
tied to the annual cycle of cambial growth
and dormancy, and also parallels seasonal
variation in endogenous coniferin levels.
Attempts to modify its activity are under
way at the University of New Brunswick
(Savidge 09/23). These seem fruitful areas
of research, since intervention should have
minimal side effects.

Per oxidases, L accases, and Other
Oxidases

These enzymes, or at least some of
their numerous forms, presumably are
involved in lignin polymerization. Boudet
et al. (1995) indicated that early
modifications of peroxidase activity gave
variableresults. Indeed, many such efforts
did not affect lignification but instead
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produced numerous pleiotrophic effects
(Campbell and Sederoff 1996). This should
not be surprising given the many different
forms of this enzyme. Nevertheless,
research continues, at least in several
European laboratories. According to
Baucher et al. (1997), severa xylem specific
genes coding for peroxidases presumably
involved in lignification have been cloned
for research on transformation.

Potential roles of laccasesin
lignification were reviewed by Dean and
Ericksson (1992), who advocated isolation
and manipulation of laccase genes.

L accases have been associated with
lignification in several tree species, but
evidence for substantial involvement is
conflicting (Boudet et al. 1995). Laccases
appear to be present in the right places at the
right times (Dean 09/24), but their role may
be more that of controlling free radical
production than being the driving force
behind lignification per se.

Research on genetic modification
nevertheless has been considerable. A
laccase preparation was isolated from Acer
pseudoplatanus that oxidized p-coumaryl,
coniferyl, and sinapyl alcohols to insoluble
polymersin vitro (Stejiades et al. 1992).
Further evaluation led Stejiades et al. (1993)
to propose that |accase catalyzes formation
of oligomers from monomer precursors, and
that peroxidases convert the oligomers to
highly condensed lignin polymers. In
subsequent research, full or partial copies of
genes for laccases were isolated from Acer
pseudoplatanus and Liriodendron tulipifera.
These were used to synthesize sense and
antisense constructs of varying sizes and
inserted into Liriodendron tulipifera
somatic embryos (Merkle 09/23). Sense
constructs increased laccase activity in and
lignin content of transgenic seedlings over
those of controls. Transformants exhibited
short, bushy phenotypes. Antisense
constructs did not reduce lignin content,
perhaps because only constructs of limited
length were available. A laccase associated



with lignification has also been identified in
Pinustaeda (Bao et al. 1993). More
recently, Grima-Pettenati et al. (1996)
identified an enzyme, presumably alaccase,
in poplar. The authors indicated that they
were testing its specificity and intended to
isolate and clone the gene for eventual use
in antisense transformation.

On other fronts, Savidge and
Udagama-Randeniya (1992) identified a
coniferyl alcohol oxidase in several
conifers, and have since characterized its
properties (Udagama-Randeniya and
Savidge 1995). Activity islocalized in
lignifying tissues (Savidge et al. 1998,
Savidge 09/23). The authors recommended
using transformation with antisense
constructs for it, peroxidase, and laccaseto
clarify roles of these enzymesin
lignification. Findings have been confirmed
by a Scottish laboratory, where the research
is being expanded (McDougall 1998).
Against this background, modification of
storage, transport, and polymerization
functions seems risky unless and until roles
of enzymes are clarified.

CONTROL OF GENE EXPRESSION

In some reports cited above, spatial
and temporal specificities of elements
controlling gene expression were not always
clear. Most investigators employed
constitutive promoters, e.g., the CV35S
promoter or a strengthened version thereof.
This seems appropriate in early phases of
research; the tactic enhances probabilities of
observable expression. Research must
progress beyond this proof-of-principle
phase, however, if outcomes are to have
practical utility. Inafew cases,
investigators had identified and isolated
xylem specific promoters, and fused them to
sense/antisense for purposes of
transformation.

Fortunately, a number of laboratories
are devoting substantial resourcesto
identifying promoters and to discerning
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mechanisms of genetic control. Examples
bearing on lignin and cellulose biosynthesis
include extensive resources committed to
developing xylem specific promoters by
Sederoff (09/29) and Loopstra (11/19).
Scientists in some forest products firms
hinted that promoters have high priority in
their research. Nevertheless, earlier calls by
Boudet et al. (1995) and Campbell and
Sederoff (1996) for accelerated research on
tissue and developmental stage specific
promotersiswell worth echoing and
reinforcing.

MUTANTSAFFECTING LIGNIN

Mutants affecting lignin
quantity/quality have been discovered in
corn (Zea mays) and a number of other
speciesincluding, most recently, Pinus
taeda. The bmr mutantsin corn are being
used to create hybrid varieties with reduced
lignin content (Keeling 09/03). All four
(bmr1-4) are recessive and cause some
reduction in lignin quantity. Some also
affect lignin composition; bmr2, e.g.,
increases syringyl content in addition to
lowering lignin content. Similar mutants
have been found in other grain crops
(Campbell and Sederoff 1996), and a mutant
deficient in F5H activity isknown in
Arabidopsisthaliana.

The null CAD mutant recently
discovered in Pinus taeda (MacKay et al.
1997) isthefirst discovered intrees. The
recessive cad-nl aleleisinherited as a
simple Mendelian trait, and effectively
eliminates CAD activity in the homozygous
state. Unlike most transgenic trees with
reduced CAD activity, cad-n1 homozygotes
have lignin content slightly lower than
heterozygotes or homozygous dominants
(homozygous mutant = 28.9%, wildtype =
31.7%). Lignin composition is also affected
(Ralph et d. 1997); large amounts of CAD
substrate, coniferyl aldehyde, and several
derivatives accumulate as free compounds
in cell walls, and anovel monomer,



dihydroconiferyl alcohol, polymerizesin
lieu of coniferyl alcohol. Homozygous cad-
n1 plants have brownish xylem, resembling
that of bmr corn mutants and some poplars
containing CAD antisense constructs. Even
though growth is slow, vascular function
and mechanical support apparently are
preserved.

These several examples serve to
suggest that similar or perhaps more useful
mutants can be found in poplars. Sensitive
analytical methods and gene discovery
techniques should help in these regards.
Should useful poplar mutants be discovered,
they could be used in breeding and/or
transformation and perhaps as markers for
early selection of low lignin parents.
Finally, mutants in other species, if deemed
useful, can be used to identify and isolate
heterologous loci in trees.

CELLULOSE: RESULTSFROM
TRANSFORMATION RESEARCH

In an earlier review of prospects for
modifying feedstock quality, Dinus et al.
(1990) suggested that information then
available on biochemistry and genetics of
enzymes catalyzing the many stepsin
cellulose synthesis was viewed as
insufficient to support modification via
genetic transformation, even though some
enzymes seemed |ucrative targets for
intervention. Advances since that time,
fortunately, have been phenomenal (Delmer
and Amor 1995, Arioli et al. 1998, Delmer
1999).

Accordingly, progress has also
occurred in genetic modification. A family
of cellulose synthase genes have been
identified in and isolated from poplar
(Loopstra 1999, 11/19). Said genes have
been sequenced and the sequences recorded
in the Plant Gene Register. A cellulose
synthase gene (celA) is being investigated
by an Australian laboratory, and patents
sought for its application (Ellis 09/30).
Transgenic Populus tremuloides trees
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containing a sense construct of a celA

homol og have been produced at Michigan
Technological University (Chiang 09/15).
The trees, whose phenotypes are normal, are
growing faster than controls in greenhouse.
A patent application has been filed, and
publication in the scientific literature can be
expected in the near future. An lIsragli firm,
CBD Technologies, Inc., hasinserted a
cellulose binding gene into several crops,
including poplar trees. The firm claims
transgenic trees grow faster and produce
more cellulose than controls and expects to
market the technology within five years.

Research on enzymes associated with
UDPglucose processing has also proved
lucrative. A genefor UDP-
pyrophosphorylase has been cloned, and
sense constructs inserted in tobacco plants.
Heightened enzyme activity and cellulose
synthesis were reported (Xue et a. 1997).
Analyses indicate a 30% enhancement of
cellulose content and a20% increasein
biomass (Ellis and Sutton 09/30). Research
currently is focused on an improved sense
construct and transformation of hybrid
poplar.

In view of these findings, prospects
for increasing cellulose content via genetic
transformation seem almost as good as those
for reducing lignin. With few exceptions,
genetic interventionsin lignin biosynthesis
have modified composition, and changes
reported to date are not likely to facilitate
conversion of woody feedstocks to ethanol.
The few reported reductions, however, are
significant, and modifying both lignin and
cellulose traits simultaneously could yield
truly outstanding results.

SOCIAL ACCEPTABILITY

A major obstacleto
commercialization of transgenic treesis
concern over consequences of their release
into the environment. This stems mainly
from the possibility that transformants will
spread so-called foreign genes to natural



populations (Harcourt et al. 1995, Meilan
and Strauss 1997). To minimize or avoid
such risks, transgenic trees may have to be
rendered sexually sterile, and noteworthy
progress is being made on this front. Within
5 to 10 years, suitable genetic constructs
should become available that induce stable,
male and female sterility in poplars (Strauss
10/01). Placing such constructsin
commercially valuable clones should
facilitate obtaining regulatory approval for
testing and use, should reduce any adverse
environmental impacts of widespread
planting, and could also yield important side
benefits. That is, eliminating reproductive
structures could channel larger quantities of
energy, water, and nutrients to growth and
wood production. Not to be overlooked, of
course, isthat use of sterile, genetically
engineered treesis also likely to pay yet
additional dividends by reducing
environmental impacts, regardless of
product, of growing, harvesting, and
processing,

PERSONAL COMMUNICATIONS

When asked if feedstock quality can
be improved via genetic transformation,
specialistsin both classical and molecular
aspects of forest tree breeding answered
clearly in the affirmative. Differencesin
opinion mainly concerned timing and social
acceptance. Molecular geneticists, as
expected, were decidedly more positive.
Transgenic trees with altered lignin have
been produced; the technology works and
commercialization is only a matter of time,
perhaps 5 to 10 years. Others, mainly
breeders, were |ess sanguine, saying that
transgenic trees could be available in the
aforementioned timeframe, but that another
10 or more years would be required to
verify stability and check for side effects
before they could be planted and grown on a
large scale. A few individuals argued that
classical selection and breeding could turn
one or possibly two generations in the same

49

time and have clones with improved specific
gravity, increased dry wood substance, and
possibly lower lignin content in plantations,
and perhaps in processing facilities.

Many specialists expressed concern
about mechanisms for commercialization.
Organizations engaged in transformation
research patent their creations, and licensing
fees or royalties are a worrisome issue.
Large forest products companies have the
wherewithal to license technology and
transform their own breeding or production
populations and/or fund joint ventures with
molecular research organizations, but not all
breeders and growers, including some
larger, research-shy companies, have such
latitude. This seems especially true for the
numerous small enterprises most likely to
grow biomass feedstock. To foster timely,
efficient technology transfer, the BFDP may
need to support independent |aboratories
that can license genetic constructs and effect
transformation for cooperatives of small
breeders, nurseries, and/or growers.

Interviewees of al types and
affiliations expressed concern about the
“law of unintended consequences.” To
what extent can lignin be reduced? How
will reducing lignin content affect growth,
development, and resistance to stress/pests?
As noted in a preceding section, caution
seems necessary in that switchgrass lines
bred for lower lignin content tend to aso be
less winter hardy (Vogel 12/07). Quick and
easy answers, of course, are not available.
Only time will tell. To answer these
questions, future research should include
well-designed, long-term field trials.

The biggest doubt expressed by
practically all interviewees centered on
acceptance of transgenic trees by a skeptical
public. Even the most positive molecular
geneticists were concerned that products of
their long labors would not be used beyond
research and education. A few argued,
however, that trees genetically engineered to
have low lignin content pose far less of a
threat, if any, to the environment than those



modified with genes for enhanced pest
resistance. Regardless, most favored
incorporation of sexual sterility to minimize
risk and raise probability of public
acceptance. Breeders, however, would
prefer that they be able to switch sterility on
and off so asto facilitate breeding as well as
provide for safety in plantations. Favored
also were responsible and transparent
testing along with clear and consistent
communication of risks, cost, and benefits.
Support of research on these fronts seems
imperative.

On the whole, interviewees
considered modification of lignin/cellulose
contents via genetic transformation a plus.
Regardless of product, even minor
improvement (lower lignin/higher cellulose)
was viewed as having substantial financial
benefit, provided the technology is accepted
by the public. If naught else, transformation
research has enlarged and will continue to
enhance knowledge of cell wall
biosynthesis, and improved understanding
can only help all involved parties, present
and future.

SUMMARY AND CONCLUSIONS

Genetic manipulation of enzymes
involved in lignin biosynthesis has produced
meaningful, if somewhat confusing, results.
Substantial reductionsin lignin content have
been caused by suppression of 4CL, but
such results have been the exception rather
than therule. Not to be overlooked,
however, isthe favorable impact of 4CL
suppression on cellulose content and
hemicellulose composition as well aslignin
content.

Most interventionsin lignin
biosynthesis have provoked changesin
composition. For example, suppression of
COMT/OMT activities had little or no
effect on quantity, while reducing SGR and
increasing proportions of other constituents
incorporated into lignin or lodged as free
compoundsin cell walls. To date,
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CoAOMT manipulation has not provoked
changesin either quantity or quality, but
further research may be warranted.
Interventions affecting CCR activity
produced little or no impact on quantity, but
yielded lignin with higher SGR, lower
guaiacyl content, and less condensation.
Some unusual compounds also resulted, and
severe suppression caused abnormal growth.
Suppression of CAD activity reduced
guantity to some extent, while either not
altering or slightly reducing SGR. The most
frequent outcomes, however, were increased
synthesis and incorporation of aldehydesin
lignin as well as accumulation of atypical
free compoundsin cell walls.

Most such qualitative changes should
ease alkaline pulping for papermaking, but
views as to benefits for ethanol conversion
generally are negative (Dimmel 09/23,
Northey 10/06, Lewis 10/09). The value of
higher SGR is questionable (Chiang, 12/07,
Sewalt 12/07). More problematic, however,
isincreased quantities of aldehydes and
phenolic groupsin lignin aswell asfree
compoundsin cell walls (Chiang 12/07,
Sewalt 12/07 and 03/02). Such changes are
likely detrimental to ethanol processing,
since they could increase lignin degradation
products in processing streams, complicate
separation of lignin residues, and raise
concentrations of undesirable chromophores
in effluents. Changes in composition that
are more desirable may include amore
condensed structure, more acid-resistant
composition, and fewer covalent linkages
between lignin and hemicelluloses.
Modifications reported to date have not
caused such changes, and much research on
modifying composition remains to be done.
In the meantime, attention should be
focused on reducing lignin content, and the
most feasible approach involves
manipulation of 4CL activity. Increased
emphasis on intervention in cellulose
synthesis aso is warranted.

Other important areas requiring
additional research include: extent to which



lignin/cellul ose contents can be modified
without adversely affecting growth,
development, and stress/pest tolerance;
identity and nature of rate limiting stepsin
all aspects of biosynthesis; nature and extent
of genetic control in tissues and
developmental stages; and enzymes/genes
governing transport, storage, and
polymerization.

On the development and technology
transfer fronts, attention must be given to
improving transformation efficiency,
ensuring that transgenic trees can be used
safely, moderating impacts of patents and
licensing agreements, and
founding/devel oping independent
laboratories. Addressing these issues will
ensure that useful and safe transgenic trees
will be available to the variety of growers
likely to become engaged in biomass

production. Balanced support is necessary
to ensure that dividends from this exciting
and rapidly evolving technology are realized
in areasonable timeframe.

In sum, progress has been substantial.
Lignin quantity can and has been reduced
via genetic transformation. Changesin
composition, though of questionable value,
have also been achieved, and significant
inroads have been made in terms of
increasing cellulose content. Simultaneous
intervention to reduce lignin and increase
cellulose content could yield spectacular
results. In conseguence, the issue of
feasibility has become one of when, rather
than if transgenic trees will be available
commercially, and 5 to 10 years, excluding
additional time for testing of stability and
safety, is areasonable estimate.

COPRODUCTS

Much interest has been expressed in
raising value of poplar feedstocks by
modifying them to produce high-value
coproducts as well as to raise efficiency of
ethanol conversion. Thinking along these
lines ranges from solid wood products
through pul ping chemicals and wood
preservatives to enzymes and even
pharmaceuticals. Past problems with xylose
conversion prompted much research on
manufacturing biodegradable plastics.
Considerable effort has al so been expended
on developing uses for lignin, the least
useful biomass constituent.

Coproducts could add to overall
feedstock value, and trees conceivably can
be modified to yield desirable materials.
Vogel and other workshop participants
(12/07) emphasized, however, that
genetically modifying any plant to yield two
or more products, e.g., ethanol and
pharmaceuticals, would be difficult.
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Individuals active in poplar modification
confirmed this view, especially as concerns
breeding. They neverthel ess suggested that
some traits favoring ethanol production,
e.g., lesslignin and more cellulose, are
compatible with those needed for
manufacturing value-added solid wood
products. Accordingly, some poplar
growers are considering changing breeding
and cultural practicesto produce large-
diameter logs from the lower 8-16 ft of
stems for manufacture of molding and trim,
veneer for reconstituted wood panels, and
similar products. Remainder of the tree and
manufacturing residues would be available
for ethanol production. This seems the best
approach to serious devel opment of poplar
coproducts for the near term.

The forest productsindustry isaso
investigating genetic transformation as a
means to induce/enhance synthesi s of
pulping and other chemicals. Peter (10/18)



and coworkers at the Institute of Paper
Science and Technology have inserted a
genetic construct stimulating anthroquinone
synthesisin amodel poplar clone.
Outcomes are uncertain; practical utility
requires synthesis levels 1000-fold those in
controls. An aternative is more modestly
enhanced synthesis of this or other
extractives compounds for use as natural
wood preservatives.

Sterols derived from extractives are
used to manufacture a so-called cholesterol-
lowering margarine by Raisio Group,
Finland, in collaboration with Johnson and
Johnson, Inc. Similar products are marketed
by Unilever N.V., The Netherlands. Such
uses underscore the utility of trees as
sources of valuable chemicals, but this
particular market is well supplied by
pulping by-products.

Given the fair quantity of alcohol,
fatty acids, and waxes in poplar extractives,
some potential exists for increasing
synthesis and/or modifying chain lengths,
changing double numbers and positions, or
introducing desirable functional groups.
Topfer et a. (1995) outlined advancesin
modifying oil crops to produce new oils and
polymers, and argued that markets for
nonfood products from plants could grow
from an estimated $15 million at time of
their analysis to $320 million by 2005.

Modifications to synthesize
pharmaceuticals seem best attempted in
leafy, herbaceous crops, e.g., corn. Several
firms, e.g., the Monsanto division of
Pharmacia Corp. have been active on this
front, but research by this organization has
slowed in recent times. Production of
human mucosal antibodiesin corn by
EPIcyte Pharmaceutical Corp., however,
provides a successful example.

Lignin, currently, is most often used
asfuel. The paper industry generates
substantial proportions of process heat,
steam, and electricity by combustion of
lignin residues and simultaneously recovers
most of its inorganic pulping chemicals.
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Lignins, at |least lignosulfonates, have some
more valuable uses, e.g., animal feed and
fertilizer binders, concrete modifiers, and
adhesive extenders. Existing markers,
however, are small; worldwide consumption
of lignosulfonates totals only amillion tons
per year (Northey 10/06, Rasmussen 10/08).
Research on lignin-based adhesivesis
aggressive, but they are not commercially
practical at present. Lastly, markets for
lignin coproducts would be swamped if the
Organosolv or similar pulping processes are
adopted on alarge scale.

Several markets exist for xylose, e.g.,
animal feed and fertilizer binders, furfural,
and an artificial sweetener, Xylitol. Only
modest increases in demand, however, are
expected over the near-term (Rasmussen
10/08, Jeffries 10/14). For the longer term,
Cargill Dow Polymers Inc., ajoint venture
by Cargill Corp. and Dow Chemical Inc.,
plans to produce biodegradable polylactide
plastic from xylose. A plant designed to
produce 300 million Ibs per year for textile
and food packaging applications is slated for
startup in 2002. Previous attempts to
develop this product were limited by
undesirable polymer properties and high
costs. Thefirms claim to have far less
expensive technology, and consider their
product not only biodegradable but also
performance and price competitive. Dow is
also investing in aliances with
biotechnology firms to acquire genes for
producing industrial and agricultural
chemicals.

In arelated vein, Pharmacia Corp. has
investigated transforming plants, e.g., corn,
to synthesize polyhydroxyalkanoate, a
biodegradable plastic, in vivo. The project
has been shelved by the company but is
being pursued by British and Swiss
universities. Other organizations have used
transformation to induce plant synthesis of
yet other biodegradable polymers, e.g.,
polyhydroxybutyrate and
polyhydroxyvalerate.



Competition in polymers continues
not only from the petrochemical industry
but also from biological sources, i.e.,
bacterial synthesis. DuPont Co. is
developing a genetically engineered
bacterial system to produce a compound
used to manufacture polyester. At least one
competitor, Royal Dutch Petroleum Co., has
developed an inexpensive chemical
synthesis, and its products are expected to
reach markets several years before the bio-
based version. Nonetheless, DuPont has
committed to derive 25% of its annual
revenues from renewabl e resources by 2010.
Transgenic crops figure heavily in its plans
for producing polymers and specialty
chemicals. Critics argue, however, that a
generation, rather than 10 years, will pass
before renewabl e resources replace a
significant share of petrochemical products.
Consensus estimates suggest that petroleum
production will not peak until 2020, and that
supplieswill last for another 40-160 years.
Fifty or more years could transpire before
needs for plant-based products become
critical.

Taking adifferent and potentially
more lucrative tack, ethanol conversion
could be improved by not only genetically
modifying feedstock quality and quantity of
trees but also by transforming them to
synthesize processing enzymes. Asnoted in
preceding sections, large enzyme quantities
are needed and some feedstock constituents,
especialy lignin, inhibit enzymatic activity
and hamper recycling. Against this
background and high enzyme costs,
transforming otherwise modified plantsto
produce cellulases and hemicellulases seems

alucrative exception to otherwise dim
prospects for coproducts. As an example,
Ziegler et a. (in press) transformed
Arabidopsis thaliana with constructs
designed to over-express synthesis of a
thermostabl e endoglucanase. High levels of
active enzyme accumulated in and could be
extracted from intercellular spaces of |eaf
tissue. Other phenotypic characteristics
appeared normal, an expected outcome
since optimal temperatures for activity of
the enzyme are well above normal growing
temperatures. The authorsindicated that
other laboratories have obtained promising
results with additional enzymesin different
plants. Long-term potential of this approach
warrants expansion to research on poplar
wood and/or bark.

In sum, genetic modification of
poplarsto yield many high-value
coproducts, e.g., pharmaceuticals, does not
seem viable. Such efforts would entail
trying to serve two or more markets with
widely different requirements, and interfere
with modifications to improve feedstock
quality/quantity. No doubt, byproducts and
residues, e.g., xylose, will be used, even
absent genetic modification, to produce bio-
based polymers in regions where feedstock
supplies are large and demand for such
materialsis high. On the positive side,
modifications compatible with ethanol
conversion seem lucrative, especially over
the near-term. A prime example is changing
breeding and cultural practices to produce
value-added solid wood products. For the
longer term, accelerated research on
modifications to produce ethanol processing
enzymes in trees seems warranted.

WORKSHOP

In accordance with the plan for
preparation of this report, a workshop was
organized and conducted in December 1999
by the author with assistance fromMs. L. L.

Wright of the Bioenergy Feedstock
Development Program.

Purposes and scope were: (1) Review
and refine this report and a parallel one on



switchgrass (Panicum virgatum); (2) Debate
advantages and disadvantages of the several
approaches to improving feedstock quality;
and (3) Develop consensus positions on
feasibilities of modification and
recommendations for future research,
development, and technology transfer.
Findings and conclusions from the
workshop were used to revise the
aforementioned reports, recommend future
program directions, and prepare a
“technology roadmap” for use in program
planning.

Participants and their affiliations
were:

Report Authors: Ronald J. Dinus,
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