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ABSTRACT

WOODY PLANTS AND THE APPLICATION OF MOLECULAR TOOLS

By

Anne Edith Plovanich

Using various molecular biology tools three woody plant
genera, Populus, Quercus, and Montanoca were chosen as
experimental systems to elucidate heretofor unanswered

questions.

To elucidate genetic mechanisms of control of vascular
cambial differentiation, hybrid poplar clone 47-174
(Populus deltoides x trichocarpa) was used as a model to
examine gene expression in wood forming tissue and as a
result of wind stress or mechanical perturbation (MP). RNA
isolated from stressed and non-stressed poplar stems was
examined using differential display of PCR products. One
hundred thirty differential display gel bands from stem
tissue were cloned and sequenced. Northern analysis and
BLAST searches confirmed that more than seventy of these
clones represent expressed sequence tags (ESTs) for poplar

genes expressed in wood forming tissue. An abundance of



representation of stress related genes indicate the ESTs

are from abiotic induced mechanical perturbation.

In the second study, DNA fingerprinting techniques were
used for the identification of cultivars of Quercus x
hispanica, the Lucombe oak. Using inter-simple sequence
repeat (ISSRs) primers, 66 Q. X hispanica (and related)
samples were analyzed and compared for band pattern
differences to establish identities. DNA evidence revealed
that some named cultivars had identical banding patterns,
which then aided in identification of other named or

unnamed cultivars with the same DNA banding patterns.

A phylogeny of the genus Montanoa based on the Internal
Transcribed Spacer (ITS) and the External Transcribed
Spacer (ETS) was created. The combined dataset supports
the monophyly of the genus and an early evolutionary split
that coincides with geographic distribution. One lineage is
composed mostly of central and southern Mexican species
whereas the other lineage contains those species endemic to
Mesoamerica and South America. The relationships of
Montanoa to other genera in the Heliantheae are briefly

discussed.
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INTRODUCTION

WOODY PLANTS AND MOLECULAR TOOLS?

DO THEY HAVE A FUTURE TOGETHER?

Plants that have woody stems (secondary growth or secondary
xylem) have traditionally presented problems for scientists
wishing to work with them. They take up a large amount of
space, most of them grow slowly, are difficult to propagate
and maintain in a greenhouse, many are slow to reproduce,
flower, or bear fruit; and the woody stems themselves often
present a formidable challenge to experimentation. These
problems were difficult to overcome, but with the advent of
molecular biology, the problems became compounded. 1In
addition to the “normal” associated problems, add to that
large genome size, (Populus 550 mpb, Pinus taeda 25,000 mpb
compared to A.thaliana 125 mbp), enormous challenges to
transformability, and difficulty of extraction of DNA and

RNA. There is also a general lack of funding for what may



be considered high risk projects because of the
aforementioned difficulties as well as the reluctance of
forestry industries to fund projects that may take years to
reach marketable products. Genetically modified trees may

just not be cost effective.

A further consideration in using molecular tools for woody
plant modification is the growing opposition to genetically
modified organisms (GMOs) by an increasing vocal and fear
motivated public. Genetically modified trees, growing for
years in the field versus short-term annual agricultural
crops represent an even greater perceived threat to natural
forests. Steve Strauss at Oregon State University has had
two genetically modified poplar plantations cut down, while
Toby Bradshaw at University of Washington, Seattle has had
his lab (as well as others in the same building) bombed.
This opposition to genetic engineering of trees may further

impact funding potential.

Why then, one could ask, would anyone wish to undertake the
use of molecular tools to work on woody plants? For the
same reason that one would use molecular tools for study of
any other organisms: these tools furnish answers to

questions that have not previously been able to be



addressed, adding additional layers of knowledge to
longstanding questions. And secondly, trees are merely a
longer growing crop, planted and harvested like any other
plant crop, such as wheat, corn, rice; however maintained
in the field for longer periods of time. The world market
for wood products, lumber, and paper has as much an

increasing demand as the world market for edible resources.

I propose to address some of these questions and furnish
some limited answers. In this thesis I apply a number of
molecular techniques to DNA and/or RNA extracted from three
different woody plant genera, Quercus, Montanoa, and
Populus to furnish answers to problems that have previously

not had resolution.

The “Lucombe” oak, first named over two hundred and fifty
years ago is grown throughout the UK and Europe. Enormous
confusion exists over the true identity of this famous oak.
In this dissertation I will look at molecular markers that
make it possible to distinguish among cultivated varieties
within a taxonomic group of named oak tree cultivars
heretofore indistinguishable using traditional

morphological characters.



I also use molecular tools to examine the phylogeny of an
unusual and spectacular woody genus of Mexico, the
Montanoas, (“tree daisies”), shedding new light on the
relationships of the twenty-five species, and the evolution
and radiation of this genus. Previous studies of the genus
have relied on morphological and histological studies to
establish relationships between the twenty-five species,

while failing to identify any related Composite species.

And finally, molecular tools were used to elucidate a
number of putative genes present in the cambial region of
Populus (poplar) that contribute to growth and wood
formation. A poplar cultivar (47-174 P. trichocarpa x P.
delﬁoides) was used to find genes that may be expressed to
due wind stress or mechanical perturbation. cDNAs have
been cloned and sequenced that are found in stems of this

poplar clone.



CHAPTER 1

OVERVIEW OF FOREST BIOTECHNOLOGY
THE IMPORTANCE OF POPULUS (Poplar) IN FOREST BIOTECHNOLOGY
WIND STRESS IN POPLARS AND ITS SIGNIFICANCE

IN WOODY PLANT MODIFICATION

CURRENT TRENDS IN FORESTRY BIOTECHNOLOGY

“Have you got a license for that tree (and can you afford
to use it?)” is the title of a paper at the next forest
biotechnology conference in Washington this July (Bryson,
2001) . Research into genetic modification of woody plants
has become a timely, controversial and much discussed
topic. The current studies relating to genetic
modification of trees are on the agenda at the upcoming
meeting of the International Union of Forest Research

Organization (IUFRO).



Consider trees as crops that remain in the field for many
seasons before harvest, rather than merely one. Then
consider the many stresses that the crops have to endure to
survive over these many seasons. In addition to survival,
there are expectations for high yield and good wood quality
for designated purpéses. All of the biotechnological
improvements that science hopes to accomplish with single
season crops are just as important, maybe more so, for a
plantation of trees. Directed modification of many
characteristics of forest trees, regarding wood quality,
growth and development, resistance to pathogens and insect
vectors, and response to environmental stresses is a direct
challenge to scientists seeking to insure and improve
yield. A single “crop” failure can cost the land owner

years of investment.

To respond to this challenge, it is necessary to have an
understanding of the genes that affect these
characteristics as well as an understanding of the genetic
variation in desirable phenotypes of commercially or
biologically important trees. By using genetic
modification, improvements in plantation forestry can occur
much more rapidly than in long-term field trials, so called

“classical” breeding. Genetic tools can also aid in the



conservation of forest species, preservation of
biodiversity and better understanding of forest ecology.
These genetic tools achieve even greater importance in the
light of increasing land pressures and demands for wood

products.

The International Union of Forest Research Organizations
(IUFRO) is a non-profit, non-governmental network of
scientists involved in forestry and forest products
research. The section on Molecular Biology (Genetics) of
Forest Trees has convened meetings since 1985 (29
attendees) reflecting the early efforts of gene transfer
into plants. The last IUFRO section meeting held in 1999
at Oxford, United Kingdom entitled “Forest Biotechnology
99, A Working Party on Molecular Biology of Forest Trees”
was attended by participants from thirty different
countries (UK 168 attendees). An impressive array of
sessions and posters was presented by investigators
attempting to explore molecular applications and woody
plants. Table 1 presents a summary of the topics and
species being studied that were presented as papers at the

meeting. Table 2 is a summary of the posters.



Area of focus

Topic

Woody species

Transformation and
propagation

Somatic embryogenesis

Agrobacterium
tumefaciens
transformation

Transgene
stability/gene
expression

Norway spruce
Eucalyptus globulus
Theobroma cacao

Pinus pinaster

Acacia

Liquidambar
sytraciflua

Teak (Tectona grandis)
White pine

Elm
Aspen/Populus
Loblolly pine
Scots pine
Casuarina glauca

Directed wood
modification

Cellulose synthesis

Lignin biosynthesis

Aspen, and various
non-woody species
Poplar

Spruce
Yellow-poplar
Eucalyptus gunnii
Lodgepole pine

Transgenic trees in
the field

Risks and controls
Outcrossing

Increased viral
susceptibility

Flower regulation

Poplar

Wild cherry
Reduced lignin in
tobacco

Poplar

Birch

Conifers
Eucalyptus
Bambusa edulis

Genomics Genome sequencing Loblolly pine
projects; ESTs, Poplar
RAPDs, QTLs Eucalyptus
Japanese black pine
White spruce
Pinus sylvestris
Maritime pine
Larch
Conservation Genomics and Norway spruce
biodiversity Swietenia humilis
(mahogany)
Population studies Pedunculate oak
Wild cherry
Populus euphratica
Table 1. Conference session - Paper abstracts




Area of focus

Topic

Woody species

Transformation and
propagation

Somatic embryogenesis

White spruce
Maritime spruce
Quercus suber Quercus
robur

Pinus elliottii x
P.caribaea
Eucalyptus

Scots pine

Pinus radiata
Picea abies
Passiflora species
Prunus avium
Sorbus aucuparia

Protoplast isolation Elms
Biolistic Pinus radiata
transformation Apple

Tissue specific

transgene

Directed wood
modification

Lignin plasticity

Lignin gene
combinations
Laccases

CAD and Ozone

COMT and reduced
lignin
Peroxidase/reduced
lignin

CAD-deficient pine

Tobacco
Arabidopsis
Poplar
Poplar
Hybrid aspen

Transgenic trees in
the field

Herbicide resistance

Field trials

Meristem activity
Salicylic acid
(increased disease
resistance)

Oxidative stress
Wounding,drought, cold
stress dehydrin
Bacillus thuringensis
ROLC transgene
Mycorrizae

Long distance
pollinators

Early flower induction

Pinus radiata

Picea abies

Black locust

Norway spruce (5yrs)
Eucalyptus

Poplar

Poplar
White spruce

Hybrid larch
Aspen/populus
Transgenic poplar
Eucalyptus

Birch (MADS box)

Genomics

RAPDs

DNA extraction

Marker aided selection
Genomic organization
of repetitive DNA

Avicennia marina
Chimonanthus

Maytenus ilicifolia
Eucalyptus grandis
Norway spruce




Conservation Population studies Abies alba

Picea rubens

Pinus mariana

Genetic diversity Betula pendula

Norway maple (Finland)
Gomortega keule
Endangered species (Chile)

Table 2. Conference poster abstracts

The upcoming conference in July 2001 that will be held in
Stevenson, Washington will address all aspects of molecular
techniques applied to the study and manipulation of forest
trees. Topics that are germane to this section include:
use of molecular markers for ecogenetic studies, DNA
marker-based breeding and selection, molecular and genomic
studies of tree physiology and development, in-vitro
culture and asexual gene transfer methods and silvicultural
studies of genetically modified trees. The conference in
Washington State has several topics that expand the scope
of the meeting at Oxford. One area deals with the advent
of high-throughput facilities for sequencing and
microarrays that has led to an explosion of whole genome
and Expressed Sequence Tag (EST) projects. The Swedish
group plans to make publicly available 50,000 poplar ESTs
at the meeting (Sandberg, 2001). The EST collections from

this group as well as others are augmented by expression

10




data using other techniques such as Serial Analysis of Gene
Expression (SAGE) and gene enhancer traps (Lorenz, 2001)
(Groover, 2001). Of particular interest is the EST
collection from mRNA from tension wood formation in poplar
using Amplified Fragment Length Polymorphisms (AFLPS)
(Leple, 1999). Jean-Charles LePle, Giles Pilate, and
Florian Lafarguette have been working for three years to
develop differentially expressed ESTs that are specific to
wood tissue deposited in response to gravitropism; wood
formed on the upper layer of stems and branches of
angiosperms. They are using a poplar hybrid INRI #717-1-
B4. This model system will potentially identify genes
important for lignin non-deposition in the S3G layer,
control of microfibril angle, and cambial activity (LePle
personal communication). The genes found as important to
tension wood formation may have many similarities to those
found in response to mechanical perturbation. Reaction
wood (formed in MP) has both tension and compression

elements (Telewski, 1995).

However the most striking difference between the two
conferences is the attention given to the ecological and
social issues that are everywhere the subject of much

debate and analysis. The two principal organizers of the

11



conference have been the victims of eco-terrorism. Toby
Bradshaw, University of Washington, has had his laboratory
puxrmned in late May, while Steve Strauss, Oregon State,
Ccoxvallis, has had two transgenic poplar plantations cut
dowr. Ironically Steve Strauss’ work has emphasis on the
reduction or elimination of flowering in transgenic poplars
to prevent environmental spillover while the bombing in
Seattle destroyed the work of a scientist who has dedicated
hi s research to conservation efforts. They are not alone
as many countries report the eco-terrorism directed at
genetic modification of woody plants. Since woody plants
emain in the field for an extended period, their impact on
the environment presents different issues than short
roOtation crops. Two papers that caught immediate attention
Were “A policy perspective on transgenic trees in Canada”
(Bonfils, 2001); and the previously cited: “Have you got a
license for that tree (and can you afford to use it)? which
Will pe presented by a law firm from Washington, D.C.
EcOlogical, social, ethical and legal considerations of
forest biotechnology have achieved paramount importance.
The first two days of the conference are dedicated to an

ALY
€cCo-gocial” symposium to enlist dialogue on these issues.

12



Mindful of the risks involved in woody plant modification,
scientists world-wide are continuing with their research

pbe cause of inherent overall benefits. Woody plants share

gemnetic features with herbaceous plants regarding growth
and development, metabolic pathways and responses to biotic
andA abiotic stresses. However genomic approaches to
imprortant model tree species offer an understanding of the
A i £ ferences of woody plants from other model plant systems.
S e condary growth and wood deposition cannot be understood
using Arabidopsis thaliana as a model system. “Many aspects
o £ tree development are radically different, and parallel
genomics research for several commercial tree species will
be required over the next decade.” (Robinson, 1999b) Other
Non-woody model plant systems which explore lignin
deposition, such as Arabidopsis, Zinnia and Nicotiana can
have a supporting role in hypothesis development and in
biOinformatic searches of sequenced plant genomes.
HOWever, trees must ultimately be used as the model systems
for testing of such hypotheses. (Chaffey, 1999b)
cc>11sequent.:1y studies of woody plants at the molecular
1e"el, despite difficulties, limitations, and risks are of
MAajor importance if plant scientists are to meet the

Shay lenges presented.

13



Trees as laboratory subjects present some difficulties and
]limditations. They are slow growing, many months before
theYy reach experimental size, sometimes requiring years to
ackhieve flowering and fruiting, and they require a

sigmnificant amount of space when compared to the number of
Azrabidopsis that can be grown on a Petri dish. The woody
st erns present a formidable barrier to many laboratory
exxxpyeriments, and in many species, dormancy forces cessation
o £ experimentation. These are the problems faced with

t xaditional scientific research on trees. With molecular
t echniques the problems are compounded by often large and
epetitive genomes: the plant model system Arabidopsis
Cthaliana has a relatively small genome size of 125 mbp, |,
wWhile poplar is 550 mbp, Pinus taeda 125,000 mbp. It is
Suggested that it would take twenty two years to sequence
Siven the techniques used in the Human Genome Project with
A genome size of 600 mbp. (Bradshaw and Stettler, 1993;
I(inlaw and Neale, 1997; Marie and Brown, 1993; Robinson,

1999,; Wakamiya et al., 1993).

There are the added difficulties of extraction of DNA and
RNA. complexity of genetic transformation and tissue
cLllture, longevity and tissue specificity of the transgene

in long-lived plants, and the dearth of mutants that can

14



help elucidate genetic differences. Actually many
potentially useful mutants are regularly discarded in

t raditional breeding programs or relegated as horticultural
cul tivars. Funding for molecular research on woody plants
i = scarce as forestry industries are reluctant to invest in
t e chnology that may or may not be economically beneficial,
ce xrtainly not in the short term. Compounding these
A i £ ficulties is the potential environmental contamination
by» transgenics (Greene, 1995; Strauss et al., 1999), the
thhxreat of eco-terrorism and public acceptance of

genetically modified trees.

A11 of these problems must be addressed by the scientists
in the field of forest biotechnology. The history of
Molecular applications to forest trees has been a short
©One. The earliest efforts were directed at mapping of
Aesirable traits for the purposes of “classical” tree
breeding. Much early work had to do with attempts at gene
Crangfer and of subsequent in vitro propagation. Twenty-
Sight speakers at the symposium entitled, “Genetic
MaI1ipul:=1tion of Woody Plants” held at Michigan State
University in June of 1987 focused on tissue culture and

deVelopment of gene transfer systems (Hanover, 1987). The

jEiI‘St transgenic tree, a poplar, was created in 1987

15



(Fillatti, 1987) compared to the first transgenic plant, in
1980 (Hernalsteens et al., 1980). Transformation and
propagation of woody plants continues to be a considerable
cha llenge that remains elusive for many tree species. The

gernera that have been used in molecular studies, have been
se 1 ected primarily because of their economic or
corservation value. One genus comes to the forefront in
mo 1 ecular studies not only because of its socio-economic
~value, but also because of the relative ease with which it
can be studied at the molecular level. That is of course,
Populus, which may well be the first tree species

designated for genome sequencing.

POPULUS (POPLAR) AS A MODEL TREE SYSTEM

For gcientists who study trees, the diversity of woody
Plant genera under investigation using molecular tools is
of amazing breadth as evidenced in the papers and posters
PXesented at the IUFRO meetings. However one genus of
Woc:'dy plants appears in almost every category of

anestigation excepting that of propagation and

16



transformation, the genus Populus (Poplar). The latter two

cat egories have become fairly routine for poplar

re s earchers.

Irn» the Northern hemisphere (Eucalyptus being the
cowuanterpart in the Southern) poplars are being used as the
model system for non-molecular and molecular research

pe xrtaining to angiosperm wood formation (Stettler, 1996).

Therxe are many reasons for this. Biologically they are

e asy to propagate from green or woody cuttings, and they

Aaxe easy to maintain in a greenhouse. In winter under

1 ights, growth will continue without dormancy. They are

Xepresentative of many other woody plant species, pedigrees
Of various lines are available and many mutants responsive

T o a variety of conditions are being maintained.

As a cultivated species poplars have achieved important
COmmercial, conservation, and remediation potential. Poplar
<an be used for biomass production, the wood used for
pulpwood, lumber, veneer, matchwood, and firewood. They
SAan pe used as shade trees, windscreens, and to stabilize
Sites such as steep banks, landfills, spoil banks or borrow

Pitsg, Hybrid poplars exhibit different crown and leaf

L4

Shapes due to varied parentage (Demeritt, ?). They are
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rapid growing, amenable toc use on marginal soils, and
almost circumpolar in adaptation to a variety of climates.
To <ite a few of the newer uses of poplar worldwide: They
pxroVvide a fast growing renewable energy source, in Hungary
orngoing trials on marginal soils provide biomass energy
wi th only a four year cutting cycle (Marosvolgyi et al.,
1 ©999), in India poplar plantations intercropped with
chhamomile were successful on partially reclaimed marginal
so il also for biomass production (Misra and Tewari, 1999).
Chinese use of flood tolerant poplar clones has proven
successful for reforestation projects (Cao and Conner,
1 999). In New Zealand, poplar (which are exotic there)
have been introduced successfully for erosion control

Schemes (Wilkinson, 1999).

An interesting concept has been the use of poplar clones
that differ in resistance to air pollutants, SO, and Os,
Which would make the poplars effective bioindicators
(Ballach, 1997). Poplars have previously been shown to
react to ozone, varying from sensitive to tolerant (Cao and
COI11’1er, 1999) (Wood and Coppcolino, 1972). Milt Gordon'’s
lap at the University of Washington in Seattle has studied

“\any aspects of poplars applied to bioremediation.

Unt ransformed Poplar hybrids will metabolize carbon
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tetrachloride (CT), perchloroethylene and trichloroethylene
(TCE). They have been shown to detoxify atrazine and TNT.
pot ential has been shown to be able to metabolize some
i ssomers of polychlorinated biphenyls (PCBs) (Gordon, 2001).

ITrcdeed there is a poplar clone for all purposes and all

S e a sons.

POPLARS AS A MODEL SYSTEM FOR WOODY PLANT MODIFICATION

The ease with which poplars can be clonally propagated from
<uttings, which is not the case in most woody plants, was a
FoOod indicator that they might by a likely candidate for
€ase of transformation. That has proven to be the case.
Al though biolistic projectile bombardment with a gene of
interest is possible in many woody plants, transformation
WUsing the Agrobacterium tumefaciens system is much
Preferable. The Agrobacterium mediated gene transfer is
The method of choice because of single-copy and single-
lOCUS insertion compared to other plant transformation
techniques. Although use of Agrobacterium for
t3’~"€Insformat:ion must be optimized with a number of
Va~I‘iables, the choice of strain, the growth media, inducers

|Nd the type of plant material, poplars became the obvious
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choice for the first woody plant transformation (Hanover,
1987).

TEXX: EARLY DAYS OF TRANSGENIC POPLARS

Th e development of a transgenic poplar resistant to the
he xbicide glyphosate was pioneered in the laboratory of Don

R i emenschneider of the Forestry Sciences Laboratory of the

USDA in Rhinelander, Wisconsin in collaboration with

Calgene, Inc., of Davis, California. By using the

Agrobacterium transformation vector, a bacterial aroA gene

Tt hat conferred resistance was expressed in Populus

(Fillatti, 1987). This was a highly desirable modification

AS plantation losses due to weed competition were enormous.

cURRENT TRENDS FOR THE USE OF TRANSGENIC POPLARS
The current research into the use of transformed poplars

hag focused on two important aspects of poplars, their

aciaptability to diverse climates, and harsh environments,
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(often planted on polluted, barren and exposed sites) and

their rapid growth for biomass with short rotation.
Txransformed poplars in bioremediation

Genetically modified poplars are being studied in terms of
thheir adaptability to stress situations such as tolerance
t o heavy metals, ozone, atmospheric H2S. (Arisi et al.,

1 ©998; Arisi et al., 2000; Herschbach et al., 2000; Koch et
al ., 2000; Tyystjarvi et al., 1999) Trials are under way
w i th poplar containing the mammalian P450 insert to further

urnderstand the mechanisms of detoxification of many harmful

O Xganic pollutants (Ohkawa et al., 1997; Ohkawa et al.,

1998).

There are many research groups that have sought
Modifications of poplars for their eventual downstream
s es. To achieve this end, there have been studies of
Popilar genetic modifications to render the trees herbicide
r~eSistant, to improve resistance to insect and fungal
Dathogens, and to expand their tolerance to environmental

|bjotic stresses. However the largest group of researchers

in this field has concentrated their efforts on lignin

Modification.
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Txransformed Poplars and Wood Modification

A s a result of their rapid growth and use for pulpwood,
thhexe is great interest in modification of the lignin
content in poplars to reduce the cost and environmentally

Aeleterious effects of the pulping process. Any discussion

o f genetic engineering of poplars must include the current

T rends in lignin modification.

L. X GNIN MODIFICATION AND WOODY PLANTS

I":i-gtl.:i.:i.n - An Overview

Lignin is a complex polymer of phenylpropanoid units mainly
cieIbosuited in plant secondary tissues that contribute to
lel'lctions of support and conductivity. It is the second

(erly to cellulose) most abundant organic polymer on the

B anet (Zhong et al., 2000). Lignin is primarily deposited

in gsecondary cell walls in conductive and support tissues
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of vascular plants. It is present in some herbaceous

plants where its negative effect on the digestive process

of ruminants is well characterized. The covalent linkages
between lignin and polysaccharides render the cell walls of
gxrasses resistant to digestion (Stone, 1997). However the
high content of lignin in woody tissues used for paper
becomes even more undesirable because of the stringent
me t hods used to remove it in the pulping process. Chemical
Pulping consists of chemical hydrolysis and solubilization
o f 1ignin, by either acid (sulfite) or alkaline (sulfate)
PPulping while lignin is degraded at very high temperatures
and extreme pH. The alkaline pulping or kraft pulping is
the most utilized world wide (Baucher et al., 1998).
Genetic manipulation of woody plants for even small amounts
oSf lignin reduction is highly advantageous. Lignin content
And composition vary from angiosperm to gymnosperm, from
OTe gpecies to another varying among tree types (ring-

P oSxous, and diffuse porous, storied and non-storied
<a&mbium, etc.) and even varying seasonally and
de\/elopment:ally (Chaffey, 1999b). Characterization of

1 ignin and the process of lignin deposition in woody plants

[xe not well understood.
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Role of lignin in plant physiology

At tempts at lignin modification should include an
understanding of the physiological function that lignin has
irnn plants and woody plants in particular. Any modification
of 1lignin must include not only the quantitative results of
1 i gnin produced and pulping characteristics, but also the
e f fects that this modification may have to the plant and

any derived wood products.

IL.ignification has played an important role in the
Aadaptation of plants to life on land. Lignin has made
POssible the development of conductive tissues,

S T rengthening them to bear extreme negative pressures while
COnducting water. It also assists in maintaining the
hYdrophilic nature of the cell wall. Lignin provides

Me chanical support strengthening the stem/trunk to uphold
the weight of the foliage and canopy and has been suggested
to generate an internal strain to reorient the tree to

ST xress as a component of compression wood (Timell, 1986).
The lignin polymer provides a barrier of protection against
biQtiC vectors, making the woody stem resistant to decay
|_ANg can be synthesized de novo in response to wounding or

pathogen infection (Lewis and Yamamoto, 1990). Recent

24



studies confirm that enzymes in the lignin pathway are
coxrelated with biotic and abiotic stresses (Cabane, 1999;
Enebak et al., 1997). These qualities of impermeability

and decay resistance are primary factors for the high
pollution associated with the pulping process as harsh

chemicals are needed to remove the lignin.

I.ignin analysis - quantity and quality

The analytic methods to evaluate lignin composition and

<oOntent are also problematical (Dean, 1997). It has been

Aescribed as a recalcitrant subject with no absolutes for

ANy perspective researcher. Each technique has

limitations. Quantitation methods include “Klason lignin”

Tor insoluble (in acid) and Acetyl bromide or Thioglycolic

| <iqg for soluble lignins. Characterization of the

< Omposition of lignin includes Nitrobenzene/Cupric oxide
ciegradation and in situ techniques of pyrolysis-GC/MS,
Muclear magnetic resonance spectroscopy and others. No

Saxrxrent method provides complete or comprehensive

in formation and may be prone to error and false

Sonclusions. However improved methods to determine wood
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guality are being developed as part of the effort to modify

1ignin content (Tuskan et al., 1999).

I.d gmin biosynthesis

The biosynthesis of lignin is equally not well understood.
Generally speaking it begins with the phenylpropanoid
FPPathway, starting with deamination of phenylalanine by
Phenylalanine ammonia-lyase (PAL) and concluding with the
Feneration of differing amounts of three monomeric
Subunits, hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
Wnijitg differing from each other by their degree of

Methylation (Whetten et al., 1998).

(See Figure 1, page 30 for generally accepted lignin

B acthvay) .

ITe is stated that the various levels of the three units
Vary from plant to plant, even within the same plant, from
Ce1]] to cell (Chen et al., 1999). Content and composition

Of 1lignin vary developmentally and seasonally as necessity
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fox lignin deposition changes during growth. Storage,

t ransport and synthesis of lignin vary. The biosynthetic

pathway itself may vary among different plant families

(Baucher et al., 1998).

At tempts at genetic modification of the lignin pathway and
the discovery of lignin mutants have resulted in unforeseen
A i ~werse and unknown forms of lignin. A loblolly pine

( Pinus taeda) was found to be mutant in the lignin pathway.
The xylem is described as red-brown (similar to brown mid-
Xib mutants) and still maintains vascular function and
mMechanical support for the tree (Ralph et al., 1997).
However the expression of the gene encoding cinnamyl

A1 cohol dehydrogenase (CAD) is severely reduced and has
educed lignin content (MacKay et al., 1997). 1In 1999 the

1l ab of Kazuhiko Fukushima provided evidence of a novel

biosynthetic pathway in lignin in differentiating xylem of

PMagnolia kobus (Chen et al., 1999). It is not surprising

That a component so essential to plant defense and strength

Would have alternative and redundant systems to insure the

B xoduction of that component.
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CURRENT TRENDS IN LIGNIN MODIFICATION AND POPLAR

Many labs that now study woody plant lignin modification

began by looking at herbaceous subjects. The plants of

choice have usually been Arabidopsis, Zinnia or Nicotiana

( t obacco) (Chaffey, 1999a; Dharmawardhana et al., 1992; Ye

et al., 1994). Arabidopsis as a model for lignification

s tudies continues in the labs of Catherine Lapierre of
I NRA, Versailles, France (Jounin, 1999). Using Arabidopsis
gene arrays and EST collectiong combined with poplar ESTs

hawe become the combined focus in research in Umea, Sweden

(Regan, 1999) and in Genome Canada.

Cuxrxrent research into lignin modification of woody plants,
Paxrticularly, poplars (and loblolly pine - Sederoff, North
Caxolina Tree Biotechnology) has concentrated on

Modjification of some of the important and committed steps

in the biosynthetic pathway. The review of Wout Boerjan'’s

g:'C‘Qup from Belgium presents a table (17) showing the
Modification of lignin genes in various plants and results

S f those mutations (Baucher et al., 1998). The article

R L g0 presents the resulting effects in composition and

il’npact on the pulping process.
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Figure 1. Legend

Figure 1. Monolignol biosynthetic pathway. The enzymes
that have been targeted for modification are
Phenylalanine ammonia lyase (PAL), Cinnamic Acid 4-
Hydroxylase (C4H), Caffeic Acid O-methyltransferase
(COMT) , Ferulic Acid 5-hydroxylase (F5H), 4-
Coumarate:CoA Ligase (4CL), Cinnamyl alcohol
dehydrogenase (CAD), and Cinnamoyl-CoA reductase (CCR).
The peroxidases and laccases which have been proposed to
be the enzymes in the final polymerization step are also

being modified.
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The first modification of the lignin pathway in a woody
plant was achieved in 1995 (Vandoorsseleare et al., 1995).
Populus tremula x P.alba was modified with a reduction in
COMT resulting in a substantial (95%) reduction of enzyme
activity. No change was observed in the lignin content, a

change was observed in the monomeric composition.

The progress in lignin modification till early 1998 was

reported in the article from the Boerjan group (Baucher et
al., 1998). Since that time numerous groups have studied
one or more of the important enzymes in the lignin pathway

using transgenic woody plants, in most cases, poplars.
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CAD: Boudet group, Toulousse, France
Bourjan group, Belgium
Jouanin group, INRA, Cedex, France
COMT Chiang group, Houghton, Michigan
Bourjan group, Belgium
Lapierre group, Cedex, France
Douglas/Ellis group, Vancouver, Canada
Ye group, Athens, Georgia
FSH Chapple group, West Lafayette, Indiana
Jouanin group, INRA, Cedex, France
Chiang group, Houghton, Michigan
Peroxidases/Laccases
Nippon paper industries, Japan
Ellis group, Vancouver, Canada
Dean group, laccases, Athens, Georgia

McDougall group laccases, Dundee, Scotland

Table 3. Enzymes in the lignin pathway targeted for
genetic modification in woody plants.

32



Global control of lignin biosynthesis - transcription

factor, homeoboxes, and gene silencing

cis-acting regulatory elements that are thought to control
aspects of lignin formation have been identified in
Arabidopsis (Morelli, 1999), poplar (Hertzberg, 1998),
loblolly pine (Campbell, 1999), and eucalyptus (Bossinger,

1999).

In tobacco an AC-rich motif, PAL box (Ntlml), thought to be
important in cis-regulation of phenylalanine biosynthesis
was isolated (Kawaoka et al., 2000). Lignin expressing the
antisense Ntliml showed a decrease of 70% as compared with
control plants. Post transcriptional gene silencing of PAL
expression has resulted in striking differences in lignin
content and composition (Korth et al., 2001; Reddy et al.,
2000) . Characterization of these global regulators to
modulate downstream expression of lignin genes for the

purpose of lignin modification is ongoing.

The (at times) heated discussion of the best choice of
genes to modify in forest trees to modify lignin
composition and content is a long way from reaching

resolution. But strides have been made to understand a
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complex process that is only reaching initial
comprehension. Optimism is high that the results so far

indicate that the goal is attainable.

MODIFIED POPLARS AND THE ENVIRONMENT

The potential risks of a long-lived transgenic plantation
and its potential impact on the environment is now of
primary importance in public perception. Steve Strauss at
Oregon State University in Corvallis has ongoing research
into prevention of reproduction of such transgenics through
the control of flowering. Using the Populus trichocarpa
homologue of LEAFY and FLORICAULA from Arabidopsis a gene
called PTLF was cloned to examine its expression in a tree
species. It would appear that these genes may provide
tools for delayed or inhibited flowering in woody plants.

(Rottmann et al., 2000)

This same group at Oregon State is using population
genetics to measure the gene flow from hybrid poplar

plantations into surrounding native poplar stands (DiFazio,
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2001). Hybrid poplars, a result of “classical” breeding
programs represent a significant number of short rotation
commercial plantations, and have done so for many years.
The question is a good parallel to see if a “genetically
modified” forest (through selective breeding) can impact a

natural population.

As ongoing research looks into the effects of transgenic
poplars on the environment, it is also beneficial to
consider changing poplars to be even more adaptive to
adverse environmental factors. Many attempts at poplar
modification have directed efforts at resistance to biotic
vectors, but little directed at abiotic stresses. Although
as a genus they are remarkably versatile in their ability
to grow on inhospitable sites, extending their tolerance of
poor sites and conditions is equally desirable. The
Institute of Plant Sciences and Genetics at The Hebrew
University of Jerusalem, Rehovot, Israel has overexpressed
a drought/cold/ABA related protein in poplar that shows
increased tolerance to salt stress. (Altman, 2001) Open,
exposed areas are often available for plantations, poplars
are planted, and a situation is prime for failure of the

plantation before harvest due to wind stress.
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WIND STRESS IN POPLARS

Why study wind stress in poplars? What does this abiotic
stress do to trees, and why is this relevant to the
genetics of wood development? And how can studying the
genes involved in cambial growth in poplar stems resulting
from wind stress contribute to a better understanding of

wood formation and tree improvement for field plantations?

WIND STRESS AS AN IMPORTANT ABIOTIC ENVIRONMENTAL STRESS IN
TREES

The effects of wind stress can be influenced by many
factors including canopy architecture, planting methods,
root structures, soils, morphology and wind velocity
(Couts, 1995). The scope of this study refers to the
aspect of flexure of the stem of the tree and/or plant.
Wind or MP refers to the temporary displacement or sway of
a plant stem from the vertical caused by the wind or by
other physical or mechanical means. Repeated flexures,
either naturally induced by wind or artificially induced by

flexing in laboratory experiments characteristically
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results in a shortening and thickening of the stem, and

reduced leaf area.

Genetic modification of woody plants and wind stress are
topics that are usually not mentioned in the same sentence.
In fact wind stress in trees is usually omitted in
discussions of abiotic plant stress in general,

particularly at the level of gene expression.

Chilling

Freezing \\\‘ i ‘(// Heat
AN

Abiotic Stress

Flooding //)' T Drought

Salinity

Figure 2. Abiotic environmental plant stresses

The above diagram is a listing of abiotic stresses on
plants (Holmberg and Bulow, 1998). Holmerg does not mention
wind stress, nor did Neuman in his description of abiotic
stresses on poplars (Neuman, 1996). Wind stress or

mechanical perturbation (MP) is frequently overlooked.
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Plants being stationary objects must provide a defense
against wind forces if they are not to blow over or to
snap, just as they have developed defenses against other
stresses. Although physiological and morphologic effects of
the stem flexure (mechanical perturbation - MP) due to wind
forces have been well characterized (Telewski, 1995), gene
expression has not, with a few exceptions (Janet Braam
1990, 1992,1995, 1997, 1998), (Mizoguchi 1996), (Botella
1995, 1996), (Mauch 1997) and (Depege 1997). As wind stress
in trees is responsible for the loss of thousands of acres
of tree plantations worldwide, poplars, [Harrington, 1993
#268], Pinus sylvestris - in the UK, Pinus radiata in New
Zealand (Somerville, 1995), rubber trees in the tropics, it
is an abiotic stress worthy of more detailed study (Savill,

1983) .

Thigmomorphogenesis has been defined (Jaffe, 1973) as a
change in growth pattern response or allometry due to touch
or flexure. Such flexure will effect transient change in
tension and compression of constituent cells within the
plane of bending (Biddington, 1986). This is not to be
confused with rubbing the plant, vibrating the plant, nor

wounding the plant and subsequent breakage of the cell
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walls. Although these latter stresses may involve some of
the same genetic mechanisms of plant defense, we are
particularly concerned with those aspects of the wind which
result in trees characterized by an increase in stem taper,
decreased height and/or increased radial growth and a
decrease in leaf area due to flexure of the stem. Staked
trees, even with the wind blowing their leaves do not
exhibit these physiological changes (Burton, 1973;
Holbrook, 1989; Jacobs, 1954), and mechanical bending
during dormancy still increases stem diameter (Valinger et

al., 1994).

A wind stressed tree will be shorter in height, with
shorter branches, smaller leaves and increased growth at

branch bases, stems and at branch nodes (Telewski, 1995).

Table 4 is a proposed model of tree response to wind stress
from the time of perception to the time of increased
division of the cambium. From initial sensing of the
mechanical flexure in the stem a cascade of events is
initiated. Within twenty four hours there is increased
division of the vascular cambium. In Sweden I observed
that the physiological changes in the xylem tissue

responding to gravitropic stress in poplar stems were
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perceptible with microscopic observation three days after

induction.
WIND OR MECHANICAL PERTURBATION
(primary stress)
FLEXURE OF STEM TISSUE
(primary strain)
Within first second(E) Cytosolic calcium ion accumlutation (H)
Decrease in phloem transport (H)
Calmodulin transcription (H)
Within 10-30 min Calmodulin synthesis (H)
Within 2 hrs (R) Callose (P-glucan) accumulation (H,C)

Peak with 9 hrs (R)

Ethylene synthesis (H, C)

Peak within 15 hrs Callose reabsorption (H, C)
Within 24 hrs (R) Increased division of vascular cambium
Unknown time Increased tracheids/Radial file (C, H)

Shorter Tracheid length (C, A)
Increased Cellulose Microfibril angle in
2ndary cell wall (C)

Table 4. Suggested model of tree response, suggested at the cambial
level to wind or MP based on woody and herbaceous species (C=conifers,
H=herbaceous, A=woody angiosperm) Times are estimates (E), or real (R)
recorded periods for responses in woody plants. Telewski, unpublished.

40




Modification of stem taper, additional wood deposition, and
changes in lignin content and composition (Pruyn, 1997)
(Berlyn, 1979) are direct effects of wind stress.

Knowledge of the genetic mechanisms that are involved in
changes in stem architecture may be a very important
contribution to ongoing research into lignin engineering in

woody plants.

From the physiological evidence of tree responses to wind
as outlined in the proposed model (Table X), gene
expression in response to this stress can also be expected.
Physiological and biochemical changes that have been
experimentally demonstrated will have correlated gene
expression. From the table above those genes should be
expressed relating to calcium ion channel sensing,
calmodulin, changes in hormone levels, and those involved
in cambial development and secondary wall deposition,
including lignin. Since plant response to wind is an
abiotic stress, defense pathways might also be anticipated.

Has any such gene expression been found?

GENE EXPRESSION IN RESPONSE TO WIND STRESS OR MP
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Environmental cues are perceived by plant sensory
mechanisms, triggering a cascade of internal events to
respond to the stress. Wind, which is first perceived as
flexure, is known to activate the TOUCH (TCH) genes as
characterized by Janet Braam. When she described the touch
(TCH) genes that became activated due to touch, wind and
water spray, it was also found that TCH gene expression
also occurred in response to darkness and temperature
shocks (Braam and Davis, 1990). Several studies have
discovered genes that might be common to wind stress while
studying other stresses such as cold and drought.

(Gilmour, 1998; Mizoguchi et al., 1996).

Previous molecular studies directed at touch gene
expression have been conducted solely on non-woody plants:
Arabidopsis thaliana, (Braam and Davis, 1990) (Braam,
1992), mung bean (Vigna radiata) (Botella et al., 1995),
wheat (Mauch et al., 1997), and tomato (Depege et al.,
1997). In all cases except the mung bean, “touch” was
defined as a mechanical flexure (MP) of a selected
internode that was moved (or rubbed) back and forth, with
hand, glove or glass rod. In the case of wheat, both the
flexure and a wind-mimicking fan treatment were used to

stress the plants. The mung bean treatment consisted of a
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torque applied to the leaves by manually bending them

downward for a number of repetitions.

RELATING GENE EXPRESSION DUE TO WIND STRESS WITH OTHER

ABIOTIC STRESSES

As cited previously TCH gene expression also occurred in
response to darkness and temperature shocks (Braam et al.,
1997). Many genes have been shown to be ubiquitous to many
abiotic and biotic stress responses as plants arm
themselves with defense strategies. Among these are the
calcium-channel related genes, implicated as second
messengers (Bush, 1995; Haley et al., 1995) and calmodulin
genes (Roberts and Harmon, 1992; Sinclair and Trewavas,
1997). Ethylene acts as a signal in many plant processes
including transcription of defense genes (Bleecker and
Kende, 2000; Ohme-Takagi et al., 2000). Various plant
defense genes such as those in the phenylpropanoid pathway,
and pathogenesis related (PR) genes (Barin and Zambryski,
1995; Koch et al., 2000; Mauch et al., 1997) also are

expressed in response to a variety of stresses.

43




When wind or MP causes a stem flexure, there are changes in
the shape and turgor pressure within the cells that is
similar to changes in turgor pressure that is observed in
dehydration and cold stress. Mechanosensory pathways such
as those activated by wind stress have been linked to
dehydration and cold stress, (Cowan et al., 1997). Absisic
acid (ABA) may regulate gene expression in cold and
desiccation tolerance (Chandler and Robertson, 1994) which
also relates to turgor sensing mechanisms such as changes
in cell shape, dehydrin and dehydration response genes, the
late embryogenesis (LEA) protein family. The cold response
(COR) genes and in particular a transcription factor CBF
controls transcripts that accumulate in response to
mechanical stimulation (Gilmour, 1998) Mizoguchi et al. in
1996 report simultaneous induction of three genes in
response to cold, wind, and drought stress, two MAPKs
(mitogen-activated protein kinases) and an S6 ribosomal
protein kinase (Mizoguchi et al., 1996). Recent work of
this same lab of Kazuo Shinozaki has monitored expression
of 1300 full-length Arabidopsis genes under drought and
cold stress using cDNA microarray (Seki et al., 2001). The

pattern of gene expression in response to various stresses
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is complex, has many pathways that are inter-related and
involve the same genes or gene families. It is apparent
that analysis of wind stress at the molecular level shows
some similarity to gene response to other environmental
stresses and bears further investigation. The genes
described in response to wind or mechanical stress and
those mentioned in studies above have been primarily
conducted on herbaceous plants. Where are the studies of
gene expression of abiotic stresses of woody plants? Again
the use of poplar as a model system for such study is

advantageous.

WIND STRESS AND POPULUS (POPLAR)

Poplar is well established as a model angiosperm tree
system in molecular studies. The advantages of using
poplar as previously described are well-documented, and
include small genome size, ease of propagation and
transformation and easy extraction of DNA and RNA. For the
purposes of studying wind stress in trees as well as
cambial development, poplar is a very attractive model.
Well-documented field studies have identified wind

resistant and wind susceptible clones. This is the same as
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having Arabidopsis mutants that do not respond to a stress
with the same phenotype as the wild type. Mutant
Arabidopsis are conserved and valued, mutant trees that are
intolerant of certain conditions or with undesirable growth
form are usually destroyed. It is fortuitous that these
poplar clones have been saved and propagated. A study of
the gene expression in the stems of a wind tolerant poplar
clone would contribute to the general knowledge of genes
involved in modification of stem architecture and growth,
give a greater understanding of how the involved genes have
a role in stem function, and may provide tools for the

better, stronger and more resilient poplar for the future.

CONCLUSION

If as a society we choose to use the knowledge we gain from
the genetic study of cambial development and of wind stress
in trees to genetically modify trees for economic or
conservation purposes, we must make an investment in
understanding and managing our forest resources more

wisely.
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Whether or not we are totally opposed to modification of
woody plants or we are actively engaged in the attempt, we
must recognize that our forests are human-dominated
ecosystems. (Noble, 1997) Even if they are managed only
moderately, or for hunting/gathering, humans are the
stewards of global forests. Knowledge of how trees
function at the genetic level is vitally important to
future forests. The knowledge must be used with
interactions among scientists, ecologists, social

scientists, community representatives and economists.
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CHAPTER 2

GENE EXPRESSION IN WOOD FORMING TISSUE

OF HYBRID POPULUS (POPLAR)

ABSTRACT

In trees, wood is produced from the vascular cambium.

Until recently little was known about the control of
cambial differentiation at the molecular level. 1In this
study, hybrid poplar clone 47-174 (Populus deltoides X
trichocarpa) was used as a model to examine gene expression
in wood forming tissue and as a result of wind stress or
mechanical perturbation (MP). Poplar clone 47-174 was
stressed with MP to simulate the stem flexure of wind
stress. RNA isolated from stressed and non-stressed poplar
stems was examined using differential display of PCR
products. One hundred thirty differential display gel
bands from stem tissue were cloned and sequenced. Northern
analysis and BLAST searches confirmed that more than

seventy of these clones represent expressed sequence tags
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(ESTs) for are poplar genes expressed in wood forming
tissue. The evidence to support that this collection of
poplar ESTs is derived from genes responding to MP stress

in stem tissue is discussed.

INTRODUCTION

The importance of wood

Most woody plants are grown for their stems or trunks, for
lumber, for paper pulp and other wood products, while
others are grown for fruit or nuts and a few grown for
essential oils and secondary metabolites, (citrus,
eucalyptus, conifers and the like). Demand for these
products continues to grow while land suitable for
cultivation of trees shrinks. The acreage dedicated to
first growth forests is diminishing and pressures to
preserve those remaining are imperative. Demand for forest
products has never been greater, thus increasing the need

for renewable woody crops. Understanding the mechanisms
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that contribute to wood formation is necessary as we strive

to improve yield and quality of forestry plantations.

Wood development and the function of xylem

In a review in 1952, Bailey described six stages of wood
development. Wood is formed in the stems of plants
undergoing secondary growth from the vascular cambial zone
during xylogenesis. Cells derived from the cambium
initials divide, (zone of division), enlarge, (zone of
elongation) and differentiate and mature (zone of
maturation). Mature xylem then changes from conductive
sapwood, from sapwood to heartwood and to the inner core of

heartwood (Bailey, 1952; Larson, 1994; Telewski, 1996).

The functions of xylem are diverse. As wood is produced it
gives strength and support to the stem that carries a
significant weight of foliage, flowers and eventually

fruit. The stem contains conductive tissue and provides
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strength for the transport of water under extreme negative
pressure to the upper most reaches of the plant (Zimmermann
et al., 1994). The stem provides protection against a
barrage of biotic and abiotic stresses, withstands decay,
and reacts and forms wood to reorient the tree with respect
to gravity or strengthen it in response to wind flexure.
The cell wall of woody plants develops an impervious
hydrophobic protective layer, a wall composed of a complex
composite of cellulose and lignin. This woody stem that
has such an important function for the tree, has also
recently become the focus of molecular modifications in

attempt to alter its composition.

Methods of woody plant modification

Traditional breeding programs have either crossed or
grafted trees in an effort to increase yield and select for
desirable traits, or enhance adaptability to diverse
environmental conditions. An example of this is the
cultivated tree Gleditsia tricanthos forma inermis,

“Sunburst” honey locust. It is a honey locust that has

68




been selected from years of effort to reduce the number of
thorns and seed pods normally produced in that species.

One can now purchase a grafted cultivar named “Sunburst”
locust that has been vegetatively propagated from the
original selected tree. It will produce few seed pods and
few thorns. As a selection “Sunburst” is commercially very
successful. However, the process to develop this tree was

time consuming.

The advent of molecular technology applied to the
modification of woody plants presents an opportunity to
shorten the time necessary to introduce or modify desirable
traits, increase adaptability and improve wood and fiber
quality For example, it is highly beneficial to modify
trees to reduce lignin content with the end product being
wood fiber for paper. This particular trait has never been
a target for traditional breeding methods. However, lower
lignin content would facilitate increased efficiency in
pulp production, at the same time reducing deleterious
pollutants resulting from delignification. Modification of
lignin content is one aspect of tree improvement that is
desired. Many labs have ongoing research directed toward

this end. (Bourjan, Belgium, Jouanin, INRA, Cedex, France,
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Chiang, Houghton, Michigan Lapierre, Cedex, France,

Douglas/Ellis, Vancouver, Canada, Ye, Athens, Georgia

and Chapple, West Lafayette, Indiana).

Growing plantation trees with increased environmental
adaptability, or increased yield without sacrificing tree
integrity and wood quality would be equally beneficial.
Efforts to modify trees will be aided by a better
understanding of gene expression during xylogenesis in the
vascular cambial zone of woody plants. We must seek to
understand gene function while integrating this with an
evaluation of the effects of genetic modification on the

whole tree.

Gene expression in developing cambium

The development of molecular techniques has enabled us to
examine wood formation from another perspective. We are
now able to identify some of the genes that are activated

during the various phases of xylogenesis. It is possible
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to discover and characterize those genes and to integrate
them with what we know of the anatomical, biochemical and
morphological changes during this process. 1In studies of
herbaceous species, Zinnia, Arabidopsis thaliana, and
Nicotiana (tobacco) [Dharmawardhana, 1992 #38; Ye, 1994
#169; Chaffey, 1999 #223; Jounin, 1999 #314] some knowledge
of xylogenesis has been gained. However in herbaceous
plants there is no (or minimal) vascular cambium, and no
(or minimal) secondary xylem development. Until recently
little has been known about the genetic control of the wood
forming process. We may now be able to examine the changes
that occur at the most basic cellular levels of xylogenesis
in the cambial zone and understand more fully the functions
that these genes play in woody plants. Studies are being
made world-wide in a number of woody plant species to
elucidate the molecular mechanisms of wood formation. One

of the most widely studied tree genera is Populus (poplar).

Populus (Poplar) as a model system for the application of

molecular techniques
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Poplar has already proven to be a good model system for
molecular modification. Poplars are easy to propagate both
vegetatively from cuttings, and in tissue culture. They
transform easily with Agrobacterium tumefaciens plasmid
insertion, their genome size is relatively small
(Arumuganathan, 1991), and extraction of DNA is

comparatively easy (1997b).

In fact, poplar was the first tree to have successfully
been genetically modified. A transgenic poplar resistant to
the herbicide glyphosate was developed in the laboratory of
Don Riemenschneider of the Forestry Sciences Laboratory of
the USDA in Rhinelander, Wisconsin in collaboration with
Calgene, Inc., of Davis, California. By using the
Agrobacterium transformation vector, a bacterial aroA gene
that conferred resistance was expressed in Populus
(Fillatti, 1987). This was a highly desirable modification

as plantation losses due to weed competition were enormous.

Since that first engineered poplar, there have been many
genetic modifications proposed. Efforts at altering genes
in poplars have been attempted for the purposes of
increased herbicide tolerance, resistance to fungal and

insect vectors, and augmented adaptability to environmental
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sites which are unsuitable for other purposes, reclaimed
from mining, polluted, or in extreme climatic situations.
It is the desire to cultivate poplars for plantation
harvesting in land that might be unsuited for anything else
that has led in part to the examination of gene expression

due to wind stress.

Wind stress and mechanical flexure

Chilling |

Freezing \\\‘ ¢ ‘(// Heat

Abiotic Stress

Flooding / T \ Drought

Salinity

Figure 3. Plant abiotic environmental stresses

The above diagram is a listing of abiotic stresses on
plants (Holmberg and Bulow, 1998). Holmerg does not mention

wind stress, nor did Neuman in his description of abiotic
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stresses on poplars (Neuman, 1996). Wind stress is at
least as prevalent as any of those mentioned in Figure 1.
and is frequently overlooked (Stanton, 1997). Plants being
stationary must provide a defense against wind forces if
they are not to blow over or to snap just as they have
developed defenses against other stresses. Although
physiological and morphologic effects of the stem flexure
(MP) due to wind forces have been well characterized (Pruyn
et al., 2000; Telewski, 1995), gene expression has not.
There are some studies of gene expression due to touch, or
flexure, notably those studies of Janet Braam (Braam, 1992;
Braam and Davis, 1990; Braam et al., 1997). However there
have been no studies at the molecular level of gene
expression due to wind or MP in plants with secondary

growth.

Wind stress in trees is responsible for the loss of
thousands of acres of tree plantations worldwide (poplars,
Harrington and DeBell [Harrington, 1993 #268], Pinus
sylvestris in the UK (Quine, 1995), Pinus radiata in New
Zealand (Somerville, 1995) rubber trees in the tropics
(Clement-Demange and Doumbia, 1995). It is an abiotic

stress worthy of more detailed study (Couts, 1995).
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Modification of stem taper and additional wood deposition
including lignin (Berlyn, 1979; Pruyn, 1997; Pruyn et al.,
2000) are direct effects of wind stress. Knowledge of the
genetic mechanisms that are involved in changes in tree
stems in response to mechanical flexure may be a very
important contribution to ongoing research into

modification of woody plants.

Gene expression and wood development

Since additional wood deposition is one of the
morphological responses to mechanical flexure of a woody
stem, genes that are specifically expressed in developing
cambium and xylem are expected. One source for identifying
these genes would be EST databases being generated from
poplar cambium and developing xylem tissues (Sterky et al.,
1998) . Some of these ESTs are now available on the web at
PopulusDBase. Several groups are sequencing EST
collections from tension wood in poplar. Tension wood is
that which is formed on the upper side of stems and
branches in angiosperms due to gravitropic displacement.

Additional tissue specific libraries from the Swedish
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consortium will be made available later this summer

(Sandberg, 2001).

It should be mentioned that databases are being
established for gymnosperm wood formation as well.
Collections of Pinus taeda (loblolly pine) ESTs are being
made at North Carolina under the direction of the Forest
Biotechnology Group at the University of North Carolina in
the lab of Ron Sederoff. Recently the Canadian government
has instituted funding for Genome Canada, the forestry
division in collaboration with the University of British
Columbia. Genome Canada will be creating EST databases of

Pseudotsuga menziesii and Abies grandis.

Gene expression and mechanosensory perception

Previous molecular studies of touch or movement on non-
woody plants are: Arabidopsis thaliana, (Braam 1990, 1992)
mung bean (Vigna radiata), (Botella 1996) wheat (Mauch
1997), and tomato (Depege et al., 1997). In all cases

except the mung bean, “touch” was defined as a mechanical
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flexure (MP) of a selected internode that was moved (or
rubbed) back and forth, with hand, glove or glass rod. 1In
the case of wheat, both the flexure and a wind-mimicking
fan treatment were used to stress the plants. The
treatment applied to mung bean consisted of a torque
applied to the leaves by manually bending them downward for

a number of repetitions.

The genes that have been associated with touch (wind and/or
MP) are: the Touch (TCH) genes of Janet Braam, calmodulin
or calmodulin-like genes (TCH 1,2,3), and xyloglucan
endotransglycosylase (XET, TCH 4). XET has been

shown to be related to cell wall deposition, which is to be
expected in a stem that is depositing new cells at the
point of flexure. Botella isolated, l-aminocyclopropane-1-
carboxylic acid synthase (ACC) synthase involved in
ethylene biosynthesis and a calcium dependent protein
kinase due to mechanical strain (Botella et al., 1995).
Mizoguchi found MAPKKK (mitogen-activated protein kinase
kinase kinase) (Mizoguchi et al., 1996) activated by touch,
cold and water stress in Arabidopsis while Mauch described
a lipoxygenase (LOX) induced by touch (MP), wind and
wounding in wheat (Mauch et al., 1997). LOX is part of a

family of enzymes implicated in mobilization of lipid
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reserves in wound responses. The calcium channel related

calmodulins, some protein kinases and the MAPKK from other
plants have been implicated as early responses to a number
of stresses in plant signal transduction pathways (Gilmour,

1998).

The discovery of genes that are expressed due to wind or
mechanical flexure has occurred exclusively in herbaceous
plants. There have been no molecular studies of MP stress
conducted on trees and it is the impact of wind on tree

plantations that is increasingly important.

Purpose and experimental design for this study

The worldwide use of poplar for biomass and its planting on
marginal soils in windswept sites (Zsuffa, 1996) creates an
imperative for understanding the response of various poplar

clones to wind stress.

I have investigated gene expression in the stems of hybrid
poplar and those expressed in response to mechanical

perturbation (MP) during cambial development. Although
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wind stress is responsible for the loss of thousands of
acres of trees worldwide (Quine, 1995), very little is
known of this abiotic stress at the molecular level in
woody plants. It was anticipated that I would find genes
with similarity to some of the above-described genes, as
well as some that would be novel. This is the first
systematic exploration of this type of stress in stem

tissue of a woody plant.

Design of experiments

The advantages of using poplar as a model system for study
of this particular abiotic stress include well-documented
field studies which identify wind resistant and wind
susceptible clones (Harrington, 1996) and the plantation
failures at James River Corporation, Lower Columbia River
Fiber Farm (Kaiser, 1997). These clones were available for

study in laboratory conditions.

To further elucidate molecular mechanisms of plant response
to wind or mechanical perturbation (MP), I have chosen

hybrid poplar (Populus deltoides X trichocarpa) as a model
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system. The cross resulting from these two species has
produced many clones that have been used extensively in
field plantations. Heterosis often results in many of the
progeny of the cross possessing hybrid vigor (Stettler,
1996). In this instance the word “clone” pertains to
vegetatively reproduced and named cultivated trees that

result from selection of the F1 seedlings.

In this study I have stress tested a wind resistant clone,
poplar hybrid clone 47-174 with mechanical perturbation. My
goal was to use the technique of differential display of
PCR products to make a comparison of the gene expression of
the stressed trees to those of unstressed control trees.

To this end I have generated a collection of cDNAs from the
mechanically perturbed poplar stems which represent genes
expressed in the cambium and developing xylem, including
those genes specifically related to the environmental

stress.

MATERIALS AND METHODS
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PLANT MATERIAL AND GROWTH CONDITIONS

Poplar hybrid clone 47-174 designated as wind resistant
(Harrington, 1996) was received from James River
Corporation. Cuttings were rooted in woody plant cutting
mix at Beaumont Nursery, MSU and kept under mist until
roots were established, then transplanted into one gallon
pots. Plants were moved to an environmentally controlled
room, as free as possible of biotic and abiotic stresses.
Plants were grown under Agro Grow High Sodium Lights (18
inches above the final height of the trees) with 16 hour
days and fertilized with Peters 20-20-20 at 100 parts per
million. Temperature during the 16 hour days was 26C and
21C during dark hours. One central leader was established,
trees were staked and no pruning nor movement of stems or

foliage was permitted for one week prior to testing.

MECHANICAL PERTURBATION AND HARVESTING

One group of 4 trees of clone 47-174 was set to one side of

the bench when the plants were moved into the testing room,
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care was taken not to disturb this control set in
subsequent watering. An additional group of 16 to 20
trees, specified for flexure tests was also moved into the
testing room. The room was maintained as free as possible
from biotic or abiotic stress. The trees were never moved,
and great care was taken not to move the leaves or stems
while watering. One week prior to harvest, the second
group of 47-174s were pre-conditioned with 30 flexures of
the stem at a selected internode above a mature leaf
(Larson, 1994). The stems were displaced 60 degrees from
the vertical in both directions. This was done at the same
time every day for seven consecutive days. On the eighth
day of testing, several control trees were stripped of
leaves and stem segments frozen in liquid nitrogen. The
stressed trees were given one final treatment and then a
time course of stem tissue of all trees was harvested at T
= 0, 1, 2, 4, 8, 12 and 24 hours after the final stress.
Two control trees, never having received flexures were
harvested at time 0 and 24 hours after initial harvest.
Stem segments above, below, and including the node of
stress were frozen in liquid nitrogen and stored at -80
degrees C. These experiments were replicated eight times
and the stem tissues for the same time points were pooled.

Different plant tissues were harvested and frozen in liquid
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nitrogen: stems, leaves, meristems, roots, internode of

stress, internode above and below stress.

RNA ISOLATION AND DIFFERENTIAL DISPLAY

RNA EXTRACTION METHODS

The method used to extract RNA was modified a number of
times throughout the experimentation. The reason for these
changes was the need to extract sufficient quality and
quantity RNA for use in northern analysis. Extraction of
RNA from leaf tissue of poplars has been demonstrated to be
comparatively easy, whereas extraction of RNA from woody
stems has not. There is little living tissue, there is an
abundance of cellulose, polysaccharides and fibers as well

as other metabolites rendering extraction difficult.

RNA EXTRACTION METHODS
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The following is a list of the different methods that were
evaluated to extract RNA, either total or messenger RNA,

from the poplar stem sections.

1) Current Protocols - Phenol/SDS extraction, Lithium
chloride (1997a)

2) Molecular cloning, A Laboratory Manual (1989)

3) Current Protocols - Guanidine thiocyanate (1997a)

4) Hot phenol (1989) as modified by Rujin Chen 11/93

S) RNAgents Total Isolation System, Promega

6) TRIzol Reagent - GIBCO BRL

7) Rneasy Total RNA Extraction kit - Qiagen

8) mMRNA Isolation, Dynabeads, Dynal Inc.

9) Boiling phenol (DeVries, 1988)

10) RNA purification from woody branches and needles of
spruce (Wang, 2000)

11) RNA purification from mature conifer needles and phloem
tissue (Alosi, 2000)

12) RNA purification from Poplar stem tissue, modification

of #10 and #l11 - aepjones

RNA extraction from poplar stem - Protocol #12
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Five grams of poplar stems were ground in a coffee bean
grinder that was RNAse treated, and rinsed with DEPC water.
25 mls of extraction buffer (#10 above) was put into a
RNAse treated mortar and pestle. The ground stem powder
was added and thoroughly homogenized. This was frozen at
-80C in a weigh boat. Removed from the freezer, this weigh
boat was floated in a 37°C water bath and when melted
transferred to an OakRidge tube to which 5 gm of 8.5M KoAC
was added.

The protocol continues as in #10 above with the exception
that all spins were done in an RC5B Sorvall centrifuge with
a SS34 rotor at 10,000 rpms. Lithium chloride
precipitation was done overnight, the ethanol precipitation

on the second day was also left overnight at -20C. On the

third day the resulting pellet was resuspended in 200 ul of
DEPC water, the OD read on a spectrophotometer, and then
frozen at -80. The modifications combine the triple
detergents (cationic, anionic, and neutral) of protocol #10
with the high molarity potassium acetate precipitation of
protocol #l1l. 1In addition the high speed spins in
OakRidge, Saarstedt threaded closure, and Corex tubes done

in a Sorvall RCS5B centrifuge were able to guarantee a
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pellet in each step, while discarding the unwanted cell

components.

The hot phenol method (#4) was the method used for RNA
extraction for the differential display experiments.
Differential display is a PCR based method and the RNA
extracted with the hot phenol method was of sufficiently
good quality to successfully execute the display of PCR
products. Northern analysis and hybridization using the
hot phenol method proved inadequate. The recently
published protocols #10 and #11 and their subsequent
modifications resulted in better quality RNA and was used

in hybridizations after this time period.

After RNA extraction using any of the above mentioned
protocols the product was quantified on a
spectrophotometer, run on denaturing formaldehyde gels and

probed to evaluate quality and quantity.

DIFFERENTIAL DISPLAY OF PCR PRODUCTS

The technique of differential display of PCR products was

developed in 1992 by Liang and Pardee to visually provide a
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side-by-side display of gene expression of the same
organism under two different conditions (Liang et al.,

1993; Liang and Pardee, 1992).

RNA from stem tissue of mechanically stressed and
unstressed hybrid poplar stems was extracted using the hot
phenol method. After quantification by spectrophotometer
and verification of the quality of RNA by separation on a
denaturing formaldehyde gel, the RNA was DNAse I (BMB)
treated to remove any residual DNA. The RNA was then
reverse transcribed using MMLV Reverse Transcriptase and
the cDNA again quantified. The Reverse Transcriptase, the

primers and other components of the differential display

reaction were obtained from GeneHunter Corporation. 0.2 ug
of the DNAse treated total RNA was reverse transcribed
using primers with oligo-dTs with an anchor of G, C, or A
to obtain single strand DNA. The products of these three
reactions were then used in a second PCR reaction using the
same 0ligo-dT primer in the presence of a second 10mer
arbitrary primer. Thirty-two different arbitrary primers
(listed in Appendix B) from Gene Hunter Corporation were
used to cover an estimated 60 percent of the eukaryotic
messages (Liang, 1996). The PCR reaction incorporated 2P

dATP into the final double stranded cDNAs. These products
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were visualized on a 6% denaturing polyacrylamide
sequencing gel. Control samples which used no reverse
transcriptase in the first PCR were also amplified in
separate reactions as negative controls; while duplicate
samples of the Control unstressed, 2 hour, 4 hour, and 12

hour stressed samples were also amplified and visualized.

After gel electrophoresis the polyacrylamide gel was
transferred onto Whatman #3 paper, dried for one hour on a
gel dryer and the resulting gel and paper were exposed to
autoradiograph film overnight. After development of the x-
ray film the side-by-side display of control tissue with
the stressed samples was possible. Bands that showed a
difference in the 2 h, 4h, 8h,and 12h samples from the two
control unstressed lanes were marked and then excised
through the x-ray film with an Exacto knife cutting the

dried acrylamide and filter paper.

To extract the cDNAs, the small dried excised slices were

resuspended in 100 pL water, soaked for ten minutes and
boiled for 15 minutes. After spinning for two minutes to
collect condensation and pellet the gel and paper, the

Supernatant was transferred to a new microfuge tube. cDNA

was then precipitated with 10puL 3M sodium acetate, 5uL

88



glycogen (10mg/mL) and 450uL of 100% ethanol overnight and

spun in a microfuge for thirty minutes in the cold room.

This was resuspended in 10uL of water.

CLONING AND SEQUENCING OF DIFFERENTIAL DISPLAY BANDS

One hundred forty-five cDNA bands were excised from the
differential display gel. 140 were successfully
reamplified and were cloned using TA vector cloning. This
method takes advantage of the single base A overhang
generated by most DNA polymerases in the PCR reaction. By
using a vector that has been generated with a T <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>