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PREFACE

This proceedings is the result of 65 scientists representing 34 facilities reported in 28 presentations. As titled,
Research and Applications of Chemical Sciences in Forestry, the contributors represent academic, basic, and applied
researchers from universities and U.S. Department of Agriculture. Their presence and experience represent a significant
showing toward recognizing the importance of forestry research.

The featured speaker presented a deliberate, indepth discussion of magnetic resonance imaging in plant sciences.
A second invited spesker addressed user responsibilities while applying chemica sciences in our environment. All attendees
contributed to a balanced and informative program.

All contributors are responsible for content and accuracy of their contributions. Recognition goes to Frank Bonner,
Project Leader of RWU-4103, for generous support of the meeting and its preparations, as well as to Jody Jones, Information
and Publications Services, SOFES, for timely editorial supervision. We are al grateful for the warm welcomes from Dr. W.A.
Hough, Assistant Director-Central, Southern Forest Experiment Station, USDA-FS; Dr. F.T. Bonner, Project Leader, USDA-
FS; and Dr. Doug Richards, Head, Department of Forestry, Mississippi State University.

USDA Forest Service, Southern Forest Experiment Station and Department of Forestry, Mississippi State University,
are proud to present these papers.

JA. Vozzo
Compiler
Southern Forest Experiment Station
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Magnetic Resonance Imaging, a Technology
for Noninvasive Plant Analysis’

John M. Halloin, Thomas G. Cooper, and E. James Potchen®

ABSTRACT

Magnetic resonance imaging (MRI), a widely used technique in radiology, provides a useful

technology for noninvasive analysis of plant tissues. Most MRI procedures involve imaging of
mobile protons (hydrogen nuclei), and water provides the most abundant source of these mobile

protons in most plant tissues. Imageintensity isinfluenced by proton abundance, the rates of spin-
lattice and spin-spin relaxation of those protons in a magnetic field, and by imaging parameters
of the instrument. Typically, images resemble tissue anatomy, but they also provide important
information on physical interactions between protons and the surrounding molecular environments
withintissues. Effective use of MRI takes advantage of both the physical information derived and

of the noninvasive nature of the procedures. Published research employing MRI for plant
investigations includes studies in the following areas. changes in abundance and distribution of
water within stems and roots, water translocation, development of diseases and physiological
disorders, internal structure of tissues, development of root systems within soil matrices, changes
in water binding during bud vernalization, and differentiation between water and lipid distribution
within imbibed seeds. Important applications of MRI in plant research will increase as the
technology becomes more widely available.

INTRODUCTION

Although plant tissues were among the earliest objects imaged with MRI (Lauterbur 1974), the technology has
attained extensive use as a diagnostic tool primarily in human medicine and more recently has been developed as a research
tool in the plant and soil sciences. The major advantages of MRI for the study of plants are that it involves no ionizing
radiation, it produces high resolution, high contrast images (Hinshaw and others 1979), and is completely noninvasive and
nondestructive, allowing subsequent use of samples for additional experiments. Useful application of the technology and
interpretation of results require understanding both of the physics of MRI and of the basic biology of the systems being
studied.

Some of the physical principles involved in MRI and some of the technology relating to image production and
resolution are briefly addressed in this paper. Additionally, the effects of plant constituents on image characteristics are
discussed. Finally, demonstrated and proposed applications of MRI to the study of plants are presented. Most of the
discussion concentrates on imaging of water protons (‘H), but the principles are applicable to several other nuclei as well
as to protons of plant components other than water.

PHYSICAL PRINCIPLES AND IMAGE PRODUCTION
A thorough coverage of the physical principles involved in MRI is outside the scope of this paper. Instead, only
those aspects most essential to an understanding of the subsequent material are reviewed. Readers interested in a more
detailed coverage of the physical aspects of imaging are referred to general references listed at the end of this paper. The
book by Bushong (1988) provides a coverage of the topic readily understood by most scientists, whereas that by Stark and

Bradley (1992) provides a much more rigorous treatment.

! Paper presented at Research and Applications of Chemical Sciences in Forestry; 1994 February |-2; Starkville,
MS.

? USDA Agricultural Research Service, Department of Botany and Plant Pathology, Sugarbeet, Bean, and Cereal
Research Unit, Michigan State University, East Lansing, M| 48824; Department of Radiology, Michigan State, University,
East Lansing, M1 48824; Department of Radiology, Michigan State, University, East Lansing, M| 48824, respectively.

1



Physical Principles in Magnetic Resonance Imaging

For present purposes we may consider the nucleus of an atom to contain two “elementary” particles, protons and
neutrons. Protons possess a positive electrical charge, while neutrons are electrically neutral. Nuclei spin, and thus may be
thought of as tiny, electrically charged, spinning spheres. This spinning charge produces a magnetic moment. The magnetic
moment is a vector quantity describing the magnitude and direction of the magnetic field surrounding the nucleus. This
magnetic field is directionally parallel to the axis of rotation of the nucleus and is anal ogous to the field of a submicroscopic
bar magnet (dipole). Since the axes of rotation for any group of nuclei are randomly oriented, the net macroscopic magnetic
moment for a large collection of nuclel is zero.

In the presence of an externally applied static magnetic field, the randomly oriented magnetic dipoles attempt to align
themselves with the direction of this field. For the most abundant isotope of hydrogen, the nucleus of which is a single
proton, there are two allowable orientations or states: parallel and antiparallel. The parallel orientation is the low-energy
state, whereas the antiparallel orientation corresponds to a high-energy state. Furthermore, since the nuclei are rotating, the
spins do not align exactly with the external magnetic field but rather precess about the applied field at a fixed angle. This
precession is anal ogous to the waobbling of a spinning top in the presence of the earth’ s gravitational field. The precessional
rate of these spins (®,), in Hertz, may be calculated from the product of the magnetic field strength B, in Tesla, and the
gyromagnetic ratio (y), in Hertz/Tesla. This is known Larmor as the relationship: @, = yB,. For a given nuclear species,
the gyromagnetic ratio is a physical constant. The proton (= hydrogen nucleus) has a gyromagnetic ratio of approximately
42.58X10° Hertz/Tesla.

Precessing magnetic moments have a characteristic called phase. The instantaneous phase of the magnetic moment
for a single nucleus in a static magnetic field is the location of the tip of the magnetic moment vector in the precessional
orbit. It is impossible, however, to determine the-action of a single nucleus. Normally, for a large collection of individual
spins, the phases of the magnetic moments are randomly distributed and cannot be detected. However, if large numbers of
magnetic moments are precessing in phase synchrony with one another, they produce aradio signal at the Larmor frequency
(yB,) that can be detected.

At thermal equilibrium in a static, magnetic field, the number of nuclei transitioning from the low-energy (parallel)
to high-energy (antiparallel) state equals the number of nuclei transitioning from the high-energy to the low-energy state.
If radiofrequency energy is applied at the Larmor frequency to the ensemble of spins, the magnetic moments will be flipped
from their low- to high-energy state. This is the resonance phenomenon. If the radiofrequency field is applied in a plane
perpendicular to the static field, it will cause the net macroscopic magnetic moment to be tipped away from the longitudinal
axis toward the perpendicular or transverse plane. The angle formed between the macroscopic magnetic moment and the
longitudinal axis is called the flip angle. It is this transverse component of magnetization that induces a voltage in the
receiving coil in accordance with Faraday’s Law. When the radiofrequency field is removed, the net magnetization vector
begins to return to its thermal equilibrium state. The voltage induced in the receiving coil decays exponentially and is called
a free induction decay or FID.

Two independent characteristic time constants are associated with nuclear magnetic resonance. The first time
constant is the spin-lattice (= longitudinal) relaxation time, or T1 . It describes the rate at which longitudinal magnetization
will return to its equilibrium magnitude once it has been perturbed. T1 is a measure of the efficiency with which nuclei
transfer energy to surrounding molecules.. |If the efficiency of energy transfer is high, T1 will be short; conversely, low
efficiency corresponds to long Tls. Distilled water has a T1 of roughly 3,000 msec, which is extremely long. The second
time constant is known as the spin-spin (= transverse) relaxation time, or T2.  This time constant describes the rate of loss
of transverse magnetization (or loss of phase synchrony of the magnetic moments). The dominant cause of loss of transverse
magnetization is the transfer of energy from one spin or nucleus to another. T2 is typically much shorter than T1 and can
never exceed T1.

Spin-Echo Imaging
A magnetic resonance imaging pulse sequence is a series of radiofrequency and magnetic field gradient pulses
designed to manipulate a collection of nuclei to achieve a desired contrast. The most commonly used imaging segquence
employs spin-echoes. This technique uses the instrument parameters time to echo (TE) and imaging sequence repetition time
(TR). When a radiofrequency pulse of appropriate intensity, and at the same frequency as nuclear precession, is applied to
an ensemble of spins, the macroscopic magnetic moment will be tipped entirely into the transverse plane.  Thisis referred
to as a 90" pulse. At the instant the radiofrequency energy is removed, al spins are in phase, and the transverse




magnetization is at its maximum magnitude. However, due to localized magnetic field inhomogeneities, individual spins
experience different effective magnetic fields and begin to resonate at slightly different frequencies. This causes the spins
to dephase and the magnitude of the transverse magnetization to decrease. If a short time (TE/2) later a 180" radiofrequency
pulse is applied, the individual spin vectors will be reflected in the transverse plane (180" from their previous orientation).
This will reverse the trend of dephasing, and the transverse magnetization will begin to grow. At time (TE/2) later, the
transverse magnetization is again at its maximum value (neglecting T2 effects), and a spin-echo is formed. A spin-echo
consists of the mirror image of an FID, followed by an FID, and reaches its maximum intensity at the time interval TE
following the initial 90" pulse. In a spin-echo imaging sequence, radiofrequency pulses are used to nutate the macroscopic
magnetic moment into the transverse plane (90“ pulse) and then rephase the dephasing spins (180" pulse). Magnetic field
gradients are used to selectively choose a slab (or slice) of nuclei for excitation. They are also used to electronically tag or
encode spins with phase and frequency information. During image processing, a Fast Fourier Transformation is used to
decode this phase and frequency information into image coordinates and pixel (picture element) intensity. The time to
execute a single stage of a pulse sequence is known as TR.

Image Construction and Resolution

Readers are familiar with computer displays in which the two- dimensional units of display are called pixels. With
MRI, displays are two-dimensional but involve athird dimension determined by the thickness of the slice chosen for image
acquisition. Thus, each unit of display represents a unit of volume in the sample rather than a unit of area. These units are
termed voxels.

Most images are acquired as grids of voxels representing squared powers of 2 (e.g., 128 by 128, or 256 by 256
voxels). Typically, the image must represent a slice through the entire sample. Therefore, if the field of view is 25.6 cm
across and sampling is based upon a 256 by 256 voxel grid, each voxel must represent a sguare 25.6 ¢cm/256 = 0.1 cm on
each side. Similarly, with a sample 2.56 cm across, each voxel could represent a square with sides 0.01 cm in length. This
restraint imposed by sample size easily defines the limits of resolution. Additional limitations to resolution are imposed by
the abilities of the instrument to induce detectably different frequencies of radiation from adjacent voxels. This limitation
becomesincreasingly important as voxel dimensions decrease due to decreased sample size and concomitant decrease in field
of view.

A further constraint to resolution is imposed by slice thickness. Slice thickness determines the depth parameter of
sampling, and thus the amount of tissue from which signals are produced. More tissue produces stronger, more easily
detected signals. Excessively thin slices produce insufficient radiation for the instrument to differentiate it from background
noise. Within an ideal subject having all structure parallel and oriented perpendicular to the plane of slicing, slice thickness
would be irrelevant. However, in most tissues, nonparalelism of structure imposes a significant barrier to resolution.
Selection of slice thickness therefore normally represents a compromise between the need for signal intensity and the desire
to optimize resolution.

Image Intensity, Weighting, and Contrast

The relaxation parameters T1 and T2 are interrelated with the instrument parameters TR and TE and a fifth factor,
spin density or proton density, in determination of spin-echo image intensity. The signal intensity (1) is related to these five
parameters through the approximate expression

| = Nyy(1-e™The T
where:

N, = proton density and

e = the base of natural logarithms (Werhli and others 1983). This expression shows that an increase in the
number of protons has a direct linear effect on image intensity. Thus, other factors being equal, the higher the moisture
content of a system, the brighter its image will appear. Effects of other variables (T1, T2, TR, and TE) are expressed in an
exponential manner as follows: assuming that all other parameters remain constant, an increase in T1 decreases signal
intensity, an increase in T2 increases signal intensity, an increase in TR increases signal intensity, and an increase in TE
decreases signal intensity.

Often, images are referred to as Tl-, T2-, or proton density- weighted. Typically, tissues with the shortest T1
relaxation times will exhibit the greatest image intensity when short echo times are employed. Conversely, tissues with the
longest T2 relaxation times will exhibit the greatest image intensity when long echo times are used. These differences in
effects of echo times can produce images that differ dramatically in appearance and are referred to as Tl-, or T2-weighted



images, respectively. Intermediate echo times produce images with intermediate or mixed effects that are referred to as
mixed-weighted, or proton density-weighted images, as proton density is the overriding determinant of intensity in these
images. Most mixed-weighted images that we have obtained from plants exhibit very little contrast between tissues, a
reflection of fairly uniform distribution of proton abundance.

Image contrast derives from differences in signal intensity between neighboring voxels. When T1 and T2 relaxation
times of a sample are obtained, they represent an average value for the entire sample, but provide no information about
differences between cells and tissues within the sample. Because each voxel is likely to contain material with different
relaxation times than neighboring voxels, each will exhibit a different signal intensity.

DEMONSTRATED APPLICATIONS OF PLANT MAGNETIC RESONANCE IMAGING
Magnetic resonance images of plants often are high in contrast between tissues and closely resemble gross anatomy.
Water is the most abundant source of mobile protons within most plant tissues, and interactions of water protons with their
molecular environments are responsible for differences in relaxation times. Therefore, when considered at the physiological
level, most plant MRI studies, deliberately or otherwise, are studies of internal (or external in the case of some root
investigations) water relations.

Plant Anatomy and Morphology

Magnetic resonance images of plant tissues often are relatively easy to obtain and, like many medical images, may
resemble more conventional anatomical preparations. Proper interpretation of these images is dependent upon knowledge
of proton abundance and relaxation behavior as discussed previously. Proton relaxation times within human and animal
tissues have been reviewed by Bottomley and others (1984) and Mathur-DeVre (1984). Differences among these tissues in
proton relaxation times commonly are attributed to binding of water protons to macromolecular proteins and nucleic acids.
Few plant tissues, however, contain quantities of proteins and nucleic acids comparable to those found in animal tissues
(some seeds may present an exception). Plant tissues, however, contain soluble and insoluble carbohydrates in quantities
suitable to cause proton relaxation behavior similar to that associated with proteins and nucleic acids in animal tissues.

Among published studies employing MRI to examine plant structure, attributions of variations in image intensities
to differences in water binding are common, but few have attempted to ascribe such binding to specific components, nor have
they employed actual determinations of proton relaxation times. The role of some plant constituents affecting the relaxation
behavior of water protons was studied by Potchen and others (1994). Powdered agueous suspensions of carbohydrates
(cellulose and starch) exhibited short T1 and T2 relaxation times, as did carbohydrate gels (starch and pectin). Solutions of
mono- and disaccharides exhibited similarly short T2 relaxation times, but much longer T 1 relaxation times than comparable
concentrations of polysaccharides. Within a variety of plant tissues, T1 relaxation times were inversely related to total dry
matter.

Use of MRI to nondestructively study plant tissue structure represents one of the most common applications of the
technology to date. Hinshaw and others (1979) used images of apples, oranges, and plums in an early demonstration of the
resolving capabilities of MRI, and Connelly and others (1987) and Chavagnat and others (1992) demonstrated high resolution
in studies on germinating mung bean and pepper seeds, respectively. Veres and others (199 1) used images of stems and fruits
of sguash to demonstrate the manner in which interactions between instrument parameters and tissue relaxation times
influence the appearance of images. Similar manipulation of these interactions were employed to image stem tissues of
geraniums (Brown and others 1988), and vascular bundles within stems of asparagus (Halloin and others 1994).

Several studies (Hall and others 1986, Halloin and others 1992b, Wang and Chang 1986) have demonstrated the
utility of MRI for non-destructive imaging of the internal structure of wood. Structures such as annual rings, knots, and
worm holes are easily distinguished, and live knots can be distinguished from dead ones (Halloin and others 1992b). Figure
1, atransverse MRI section through awillow stem, demonstrates the differentiation of annual rings, live, and dead knots that
is achieved with MRI. Dried wood is unsuitable for imaging, as it lacks sufficient water protons, but rehydration of
previously dried wood makes it suitable for imaging (Hall and others 1986).

Some plant components other than water are sufficiently abundant and have proton NMR spectra sufficiently
different from water that their localizations within plant tissues can be imaged selectively with a technique called chemical
shift imaging. With this technique, imaging principles are the same as described previously, but data are collected at the
resonance frequency of the desired chemical, rather than at that of water protons. This technique has been used to selectively
image the distribution of aromatic compounds in orange peel, grape berries, and fennel fruits (Pope and others 1991). The
same methods were used to demonstrate differential localizations of water and lipid in imbibed pecan embryos (Halloin and

4




others 1993) and olive fruits. (Gussoni and others 1993). Differences in the relaxation times of water and lipid protons in
the pecan embryos enabled differentiation of their localizations through conventional spin-echo methods as well, merely by
altering instrument parameters (TR and TE). Several atomic nuclei other than 'H are magnetically susceptible, and thus
suitable for imaging when sufficiently abundant. Rollins and others (1989) applied high concentrations of a fluorinated
herbicide containing F to tomato plants and imaged localization of *F within stems.

Many of the described applications of MRI to the study of plant anatomy and morphology can be accomplished with
more conventional histological methods, abeit destructively and/or with greater difficulty. The results of one application,
however, can be achieved only with MRI. That application is the imaging of root systems within their soil matrices. At
norma water potentids (less than field capacity), the T1 relaxation times of soil water protons are sufficiently short that they
do not produce significant levels of signa with conventional imaging sequences (MacFall and others 1990). Because water
protons within roots have longer relaxation times than those in soil, images of roots within soil appear as bright roots within
a dark background. Rogers and Bottomley (1987) studied the suitability of a large array of soils for imaging of root systems
and found that those with contents of ferric materials less than 4 percent (w/w) were suitable for imaging. Higher contents
of ferric materials had distorted images that were unsuitable for most imaging applications.  Sand is suitable for many
applications (MacFall and others 1990), and Brown and others (199 1) developed a synthetic soil mix composed of sand, peat
moss, and Kaolinite clay that contained no ferric materials and yielded high quality images of root systems. Magnetic
resonance imaging of root systems in soil is likely to prove vauable in future studies such as those on root development,
turnover, disease, and other root-micro-organism interactions.

Physiology: Water Dynamics

Because intensities within MRI images are dependent largely upon abundance and binding interactions of water
protons, water dynamics of plants is an ideal topic for exploration with MRI. This application of the technology has been
well exploited by pioneering researchers through a variety of techniques.

Differences in water contents among tissues of geranium roots (Brown and others 1986) and stems (Johnson and
others 1987), and changes in these distributions as a result of transpiration were among the early observations. Water
movement within tissues of rapidly transpiring plants was observed by use of paramagnetic contrast agents: typically,
solutions of paramagnetic ferric or cupric sdts (Bottomley and others 1986, Johnson and others 1987). A recent extension
of these lines of investigation (Bottomley and others 1993) employed MRI to demonstrate stem shrinkage in vetch seedlings
as a result of transpiration stress, and short-term suppression of transpiration and shrinkage, but not of water transport, as
a result of elevated atmospheric CO, concentration. Depletion of water from soil immediately surrounding roots of
transpiring loblolly pine seedlings was imaged by MacFal and others (1990). They further demonstrated that this imaging
was made possible by a reduction in the T1 relaxation rate of water within the soil as a result of water uptake by the plants.

Through a modification of conventional imaging techniques known as diffusion imaging, Eccles and others (1988)
were able to demonstrate differences among tissues of imbibed wheat grains in rates of water diffusion. Diffusion imaging
of water within a stem of box elder (4cer negundo L.) is shown in figure 2. Because this method differentiates between
moving and relatively stationary water, it is likely to have wide applicability in studies of plant water relaions. Extensions
of the methods enable determinations of diffusion coefficients, flow velocities, and flow directionality.

Several plant physiology studies using MRI have been done in areas not commonly associated with water dynamics.
However, as will be discussed, the successful use of MRI in these studies was dependent upon changes in associated water
relations.  Changes in water binding have been associated with both development of winter hardiness of plants and
vernalization of plants as a result of cold treatments. Faust and others (199 1) were unable to image dormant apple buds prior
to vernalization, apparently due to extremely short relaxation times. They were successful in imaging buds following
prolonged cold treatment, apparently due to decreased water binding and associated increases in relaxation times of the water
protons. The effects of Na on development of sugarbeet roots was investigated with MRI in conjunction with other methods
(Kano and others 1993). Image intensity in epidermal and vascular tissues was reduced by the presence of Na* in the
medium, apparently due to water stress. Similarly, turgor and osmotic pressure determinations in roots of a halophytic aster
were related to MRI image intensities (Zimmerman and others 1992). MacFal and others (1992) imaged the effects of
perfusion of nitrogen fixing nodules of soybeans with different gases. Perfusion of nodules with N, caused an increase in
image intensity and in the T1 of both cortical tissues and inner nodule tissues as compared with tissues perfused with ar or
0,. The increase in T1 was greater in the cortical than in the inner tissues, indicating a barrier to gas exchange between these



tissues. The observed increases in image intensity and T1 relaxation times likely were due to changes in the water-binding
capacity and/or water contents of the tissues.

Diseases and Disorders

Research employing MRI in the study of plant diseases and disorders is merely an extension of studies on normal
anatomy and/or water relations, making use of the basic advantages of MRI discussed previousy. Chen and Kauten (1988)
demonstrated the utility of MRI for nondestructive imaging of internal quality factors such as bruises, worm damage, voids,
and dry areas in a variety of fruits and vegetables. Development of physiological core breakdown of pears was followed
nondestructively by Wang and Wang (1989).

Application of MRI to the simultaneous study of internal anatomy and water relations was employed in a study of
fusiform rust galls of pine (MacFall and others 1994). Magnetic resonance imaging revealed continuity of phloem and
cambial tissues, but not of xylem and water transport, between hedthy and galled tissues. Several other studies have used
MRI to investigate aspects of plant diseases. Goodman and others (1992) followed development of rot in raspberry fruits
over a I-day period, and found that MRI provided good differentiation between diseased and hedthy tissue. Similarly, ready
differentiation of healthy and diseased tissues was observed in poplar wood (Halloin and others 1992b) and sugar beets
(Halloin and others 1992a). Magnetic resonance images of rot development in sugar beet roots over a 3-week period reveded
different patterns of disease development within different roots, indicative of differences in disease resistance. A study on
lipid distribution in pecans discussed earlier (Halloin and others 1993) demonstrated the ability to image both quantitative
and distributional alterationsin lipid as a result of seed rot and insect damage.

THE FUTURE OF PLANT MAGNETIC RESONANCE IMAGING

Attempts to predict future directions and developments in any area of science may be, at best, either foolish or
presumptuous. Past applications of both plant and medical MRI, together with the strengths and limitations of the
technology, make some applications seem highly likely.

As in the past, physiological investigations will emphasize water relations. A change in the focus of these studies,
however, is likely to emphasize techniques that enable imaging and quantitation of water movement. These techniques, now
gaining widespread acceptance in human angiography (Potchen and others 1993), enable determinations of localization,
velocity, and volume of fluid movements. They will prove very useful for determination of disruption and other
abnormdlities in fluid flow by diseases and physiologicd disorders, as well as for studies on norma physiology.

Magnetic resonance imaging will continue to be used for noninvasive studies of plant anatomy and development.
Major applications of the technology seem possible for routine quality monitoring of produce and for determination of
internal structure of logs prior to sawing. Technology comparable to that required to monitor internal structure of logs is
currently employed for monitoring core samples obtained during drilling of oil wells.

Anatomical investigations are readily applicable to selection of plants with desired characteristics, such as disease
resistances or modified internal structure. The destructive nature of currently used methods often makes them unsuitable for
such selection. Spectral shift imaging enables localization and quantitative assessment of specific chemica components.
These methods could. be used in selection of plants with desired modifications in the quantity or localization of those
components. Nondestructive selection of seeds unusudly high or low in oil content seems especialy amenable to MRI.

Future developments on MRI of plants are dependent both on availability of the technology to a broader community
of scientists and the specific interests of those scientists. Good understanding of the underlying principles of the technology
is essentid to its effective use. Magnetic resonance imaging of plants is a technology that truly is in its infancy, and many
imaginative applications of it are certain to appear.
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Figure 1. Spin-echo magnetic resonance image of a transverse section through a stem of willow (Sdix sp.). Annual rings
are differentiated by greater image intensity in the larger vessels of springwood. Knots (left and right) appear dark due
to compression of wood, giving lower abundance of water. A live knot (right) is distinguishedfrom a dead one by the annual
ring formations around it. Maximum stem diameter = 6 cm, magnet = 4.7 Teslas, TR = 500 ms, TE = 25 ms, slice thickness

= 3 mm.



Figure 2.--Diffusion imaging of water in a 3 cm diameter stem of box elder (Acer negundo L.).
(Left) Transverse spin-echo image of the stem (TR = 800 ms, TE = 64 ms, slice thickness = 3 mm, maximum
stem diameter = 5 cm).
(Center) Image of the same slice, acquired with the same imaging parameters, but with diffusion gradients on
(5 gauss/cm for 15 ms) between the initial 90" pulse and the 180° echo pulse.  Use of these gradients produces
a gradient in the magnetic field strength, which in turn causes dephasing of any protons that move during
gradient application. Thisdephasing resultsin loss of signal from the dephased protons.
(Right) Difference image obtained by subtracting voxel intensities in the center image from those in the left
image. Thisproduces an image with intensities that represent the relative abundances of protons that diffused.
Pith cells and spring wood vessels, the cells with the greatest internal volumes, allow the greatest diffusion.



Use of Magnetic Resonance Imaging for Nondestructive Assessment of Knots and Rots in Wood’
JM. Halloin, JH. Hart, T.G. Cooper, and E.J. Potchen®

Noninvasive visualization of internal structures of healthy logs of Acer negundo and Salix sp. and diseased logs of Populus
tremuloides was accomplished using spin-echo magnetic resonance imaging. Image intensities and contrast are determined
by the protons (H nuclei) of water in the tissues and are influenced both by the abundance of water and by physical
interactions of the water protons with surrounding molecules. Observed features corresponded closely to visual appearances
folfowing sectioning of the logs. Annual ring structure was apparent, with highest image intensity in the more porous spring
wood. Bark and dead knots gave low image intensity. Live knots were discernible due to changes in orientation of the
annual rings. Rotted tissues produced higher image intensities than surrounding healthy tissues apparently due to less intense
binding of water in the diseased tissues. Magnetic resonance imaging should prove useful for nondestructive assessment of
internal structures in wood and for sequential studies of rot development.

! Poster presented at Research and Applications of Chemical Sciences in Forestry; 1994 February 1-2; Starkville,
MS.
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Magnetic Resonance Microscopy of Water Movement
Through Fusiform Rust Galls of Pine’

Paula Spaine, Janet S. MacFall, and G.A. Johnson®

ABSTRACT

Galls on 10-mo slash and loblolly pine seedlings inoculated with Cronartium quercuum f. sp.

fusiforme were compared with healthy stems by magnetic resonance microscopy (MRM). Stems
were excised at the root collar and placed in either deionized water or water containing an MR
contrasting agent. Following transpiration, high resolution images (35 to 58 um) were acquired

of excised stem segments. Magnetic resonance microscopy images showed greater signal in the
xylem of healthy stems than in galls, suggesting differing wood/water interactions. In 10-mo-old
galled seedlings, the cambium and phloem were contiguous between healthy and galled regions.

Water transport disruption occurred in the xylem at the interface between galled and healthy
regions, but in the center of the galls, secondary xylem appeared watertilled and functioning.
This study shows changes in anatomy and functional physiology in vivo with respect to water
relations in fusiform rust galls on pine that are detectable by MRM.

Keywords: Forestry, fusiform rust, magnetic resonance imaging, MRI, tree physiology.

INTRODUCTION

Fusiform rust is one of the most prevalent and economically damaging diseases of pines in the Southern United States.
Both loblolly (Pinus taeda L.) and slash pines (P. elliottii Engelm. var. elliottii) are most often infected, however, longleaf
pine (P. palustris), pond pine (P. serotina Michx.), and 23 other species and varieties of native and exotic pines may also
become infected (Czabator 1971). Infections often result in both stem and branch galls, which lead to reduced wood
marketability from growth reductions and stem and branch breakage, resulting in reduced yield and wood quality (Anderson
1986). The mortality is most often noted in nursery stock and young seedlings due to the disease. Although significant
research has focused on the identification and breeding of increasingly resistant pine families, the mechanisms of resistance
and tolerance have not been identified.

The pathogen, Cronartium quercuum (Berk.) Miyabe ex Shirai f. sp. fusiforme, (Cqf), is a macrocyclic heteroecious rust
fungus, alternating between oaks and pines (Czabator 197 1). In active galls of pine, vegetative mycelium is restricted to the
ray parenchyma and cambial layers (Jewell 1988, Jewell and Spiers 1976, Jewell and others 1962). Standard histological
methods have shown seedlings of loblolly and slash pine with fusiform rust from both stem and branch galls displaying
severe cellular dysplasia, hypertrophy, and aterations in cellular organization (Jackson and Parker 1958, Jewell and others
1962). Lack of cambium and xylem fibers in the most swollen regions of some stem-girdling galls has been reported, with
significant necrosis observed in the constricted stem region below the gall (Walkinshaw and Roland 1990).

Although this disease has been the subject of intensive research focusing on anatomical alterations and identification of
resistant germplasm (Anderson 1986, Jewell and others 1962, Rowan 1970, Walkinshaw 1978), specific mechanisms
mediating gall formation and the effect of galls on tree water relations are not understood. Little is known about how trees
develop strategies for rust disease tolerance and continued growth, despite the development of stem and/or branch galls.

New techniques such as high resolution magnetic resonance imaging (MRI), or magnetic resonance microscopy (MRM)
offer the potential for detailed, nondestructive examination of plant tissues (Kramer and others 1990, MacFall and others

! Paper presented at Research and Applications of Chemical Sciences in Forestry; 1994 February 1-2; Starkville,
MS.

? USDA Forest Service, Southeastern Forest Experiment Station, Athens, GA 30602; School of the Environment, Duke
University, Durham, NC 277 12; Department of Radiology, Duke University Medical Center, Durham,NC 27706, respectively.
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1987). In MRM, image contrast depends not only on water distributions within the tissue, but aso on physiologica functions
detailed by degrees of water binding. These are reflected in proton relaxation times (the rate at which "H nuclé retun to
equilibrium following excitation from an externally applied pulse). Like classical histopathology using light microscopy,
strategies for image acquisition with MRM can provide detailed anatomical and functional information. Image contrast can
be varied significantly, depending on the acquisition strategy used, and can be adjusted to highlight water binding,
distribution, diffusion, and transport patterns (Kramer 1983, Kramer and others 1990).

The primary objective of these studies was to determine dterations in water transport processes caused by changes in
stem morphology due to development of fusiform rust galls. Magnetic resonance microscopy was used to provide
information on tissue organization and water transport throughout galls formed on stems of young loblolly and dlash pines.

MATERIALS AND METHODS

Seeds of haf-sib seedlots of dash and loblolly pine were germinated in vermiculite and transplanted after 10 days to
a mix of sand/peat (1: 1). Plants were maintained in the greenhouse at 20 to 30 °C, with 18 h of light. At 6 to 9 wk of age,
seedlings were inoculated with Cgfbasidiospores by the CBS (concentrated basidiospore spray) system (Matthews and Rowan
1972). Basidiospores were collected from Quercus rubra seedlings that had been inoculated with a mixed gall collection of
aeciospores collected from Clarke County, Georgia. Individual seedlings 12 and 18 mo old that displayed a variety of rust
symptoms ranging from no apparent gall formation to well-developed gals were selected for imaging.

Immediately prior to imaging, stems were excised a the root collar and placed into either tubes filled with water or tubes
containing a 1:200 dilution of an MR contrast agent gadopentatae dimeglumine (Magnavist, Berlex Laboratories, Wayne, NJ).
Shoots were illuminated to stimulate transpirational uptake.

Application of specific, defined dilutions of an MR contrast agent such as Magnavist causes increased signal intensity
in water-filled stem regions into which Magnavist has been introduced with the transpirational stream.’

Following a period of active transpiration (12 to 14 h), during which at least 1 ml had been taken up, segments of stem
(2 to 3 cm in length) with and without galls were excised from the shoots. Pieces of stem were wrapped in plastic foam to
prevent movement and desiccation, then were placed in a custom built solenoid radio frequency (rf) coil tuned to 400 MHz.
In some experiments, a healthy stem and a gall were imaged simultaneoudly.

Images were acquired on replicate stems. For slash pines, two hedthy stems and three galls from 12-mo-old trees, and
three hedthy stems and five gals from 12-mo-old dash pines with Magnavist were imaged.

Images were acquired on a General Electric 9T Omega Imaging System (General Electric Medical Systems, Freemont,
CA), and three-dimensional image sets were acquired. The field of view ranged from 9 to 15mm, depending on specimen
size. Images were acquired with a simple spin echo pulse sequence with a repetition time of 200 ms and an echo time of
7.5 ms. The number of dices in the 3-D volume ranged from 64-256 depending on specimen size and scanner availability.
Individual 2-D image dices were 256 by 256 pixels, giving a digital resolution of 35 to 58 um.

Images were reconstructed and viewed offline on a Silicon Graphics IRIX or Sun workstation. Three-dimensiona
rendering software was a commercial product (VoxelView ULTRA, Vital Images, Fairfield, IA). Three-dimensional
image-viewing software enabled dlices to be viewed both individually and as fully rendered three-dimensional datasets,
alowing the 3-D volume to be “diced” and viewed through any arbitrarily chosen dice-plane.

RESULTS

Significant differences in stem anatomy and patterns of water distribution and binding were observed between gals and
hedlthy stems. In seedlings of both dash and loblolly pine, similar changes in anatomy and water binding/distribution were
observed (fig. 1). Specific tissues could be differentiated in MRM images of both gals and hedlthy stems, but aterations
in tissue organization could clearly be seen with gall formation.

Within the healthy stems and stems below the gall, the secondary xylem, phloem, cortical parenchyma, and epidermis
were clearly distinguishable in the images (fig. 2). Concentric rings of bright and dark could be seen within the secondary
xylem (fig. 2). This is a pattern that has been consistently observed in stems and taproots of pine (MacFall and others 199 1)

> MacFall, Janet. [n.d.] Unpublished data. On file with: In Vivo Center for Microscopy, Duke University, Durham, NC
27706.
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and apparently is representative of regions of water transport up the stem (the bright zone) and regions that are not
participating in longitudinal transport (the dark zone).

Identification of the regions of transpirational water transport was confirmed by the examination of stems that had
Magnavist introduced into the transpirational stream. Previous studies®, have shown that application of a 1:200 dilution of
this MR contrast agent to water available for plant uptake will increase signa intensity (in images acquired with short
repetition times) within regions of stems tha are functioning in transpirational water transport. The observed increase in
signd in both gdls and healthy stems with application of Magnavist confirms that water was transported through both galls
and hedthy stems.

Signal increases observed in the cross-sectional views were mainly limited to the bright rings of secondary xylem,
confirming that these are the regions of stems that are active in longitudinal water transport. This aso confirms that the
water distribution patterns within the xylem seen in the images acquired of nontranspiring stem segments are indicative of
water transport patterns.

Changes in the anatomy of galled stems as seen in the MRM images were striking at the interface between hedlthy stem
regions and gals (fig. 2). In the transition zone between healthy stem and gall, the cambium and phloem became wider, with
a proliferation of cortica parenchyma and secondary xylem. Progressing further up the stem, ray parenchyma and secondary
phloem had formed that were not seen in hedthy stems, and that appeared to push out the cortical parenchyma. This new
tissue is unique to galls, giving a striated appearance to regions outside the phloem ring.

The phloem of the gals did not appear affected by disecase development. The longitudinal views through the
three-dimensiond MRM stem volumes of the young seedlings show that the phloem was contiguous through the gal (fig.
3). Additiona changes in anatomy were observed interior to the cambium of galls and within the region of transition
between healthy stem and gal (fig. 3). Disruption in the secondary xylem was observed as darkened, speckled areas in the
area of trangition. Travelling up the stem, this area appears as a dark speckled band sweeping inward toward the gall center.
It is likely that with the rapid proliferation of tracheids formed with gall development, longitudinal connections were not fully
formed, thus end-to-end transport of water was impeded.

Within the center of the well-developed gdl (fig. 2), little disruption in transport was apparent in the secondary xylem.
This is likely to be indicative of latera transport within the secondary xylem, filling with water tracheids not directly
contiguous with xylem tissue lower in the stem. The secondary Xxylem also appears more striated compared to healthy tissue,
due to proliferation of ray parenchyma within the gal. Similar ray enlargement in both loblolly and slash pines has been
observed with light microscopy (Jackson and Parker 1958, Jewell and others 1962).

DISCUSSION

The observations made from MRM images of fusiform rust gals reported here are important in that they clearly show
changes in tree anatomy and water relations associated with Cgf infection and subsequent gall development.  Anatomical
changes included the proliferation of cortical parenchyma, that was pushed out and replaced with enlarged phloem rays. The
secondary xylem was clearly seen in both galls and healthy stems, but in the galls it appeared more striated from the
proliferation of ray parenchyma between the conducting tracheids. Similar changes in anatomy have been described with
standard histological techniques (Jewell 1988, Jewell and Spies 1976).

A surprisingly high degree of organization was observed in both tapered and stem-girdling galls in slash and loblolly
pines at 12 mo. Thisisin contrast to previously reported histological observations describing stem girdling galls in dash
pine (Walkinshaw and Roland 1990). wherein significant cellular disorganization was observed in the cortex, cambium, and
xylem. The formation of numerous wound-calus cells, thought to interfere with norma trandocation and to be contributing
to the mortality associated with this gall type was reported. Similar disruption in transport might have been observed in our
experiments had we followed the gall formation over an extended period of time.

The imaging experiments showed differences in the patterns of water distribution/transport between hedthy and galled
seedlings. Disruption in anatomy and water distribution was primarily a the transition zone between healthy and gall tissue.
Little disruption in anatomy was observed in the center of the gall, demonstrating compensating patterns of flow from the
regional disruption in the transition area.  Similar compensating paths for the ascent of sap have been observed by others
following stem wounding (Kramer and others 1990).

In addition to aterations in water distribution and anatomy, the difference in signal intensity of secondary xylem between
gdls and hedthy stem tissues suggests differences in water binding to the wood. When water without Magnavist was taken
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up by seedlings, images of the excised stems from seedlings with galls showed less signa in the secondary xylem than those
from healthy seedlings.

Water uptake by transpiration through stems severed at the root collar was not reduced through galled stems. Equa or
greater amounts of water were taken up by stems of seedlings with gadls than by healthy seedlings. This observation implies
that the water content of the galls was not less than the water content of the healthy stems, as rates of transpiration were not

reduced with gal formation.
Reduction in signa was, therefore, likely due to a difference in water binding between galls and healthy stems, resulting

in alonger T1 for the water within the galls.

CONCLUSION

The observations made here suggest that there are aterations in the stem tissue chemistry that are reflected by changes
in tissue/water interactions with fusiform rust gall development. The changes in tissue chemistry occur within the first year
of growth.

Both the anatomy and water relaions of the pine stem have been atered by the presence of galls, and these changes can
successfully be studied with MR imaging techniques.  Future studies will provide additiona information regarding
relationships between the wood chemistry and the plant functional physiology as seedlings age and gals develop. Potentidly,
plant mechanisms for reducing disruption in physiological processes such as water transport with gall development can be
identified and may be associated with genetic traits for tolerance to disease.

Figure 1. High resolution image of
a gall cross-section. Note the
straited appearance of the tissue
outside the phloem, and the rays
within the secondary xylem. The
alternating pattern of bright and
dark concentric rings interior to the
phloem is typical of both healthy
and galled stems and taproots of
pine. The bright inner xylem ring
isfunctional in longitudinal water
transport. The reference tube
diameter was 1.12 mm.
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Figure 2. Cross-sectional view at varied positions through a fusiform rust stem
gall in a 9-month-old seedling. The reference tube (bright circle in upper left
corner) was 1.12 mm in diameter. A. Healthy stem section below gall. B.
Beginning of the transition region between the healthy and galled stem. Note
the swelling of the phloem ring and proliferation of parenchyma external to the
phloem. C. Lower region of the gall, with rapid proliferation of parenchyma
outside the phloem, initiation of the secondary phloem, proltferation of
secondary xylem, and disruption of water transport as seen by the dark regions
within the secondary xylem. D. Section through gall further up the stem. Note
the pushed-out appearance of the parenchyma external to the phloem and
replacement by parenchyma and secondary phloem with a striated appearance.
Region also shows further proltferation of the secondary xylem, with transport
disruption. E. Cross section near gall center. Note the disorganized
parenchyma has been nearly replaced by the striated tissue, and less disruption
of water transport is seen. F. Cross section of gall center. Note change in
appearance of the secondary xylem compared to the healthy stem in A, and the
changein tissue organization external to the cambium and phloem. Also, note
thereislittle disruption of longitudinal water transport in the gall center.

Figure 3. Longitudinal view of the same gall aswas viewed in cross-section in

figure 2. Three-dimensional acquisitions such as this allow repeated study of
the same specimen and “slicing” through any orientation.
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Magnetic Resonance Microscopy (MRM) of Water Transport and Binding in Fusiform Rust Galls’

JS. MacFall, P.C. Spaine, RE. Doudrick, and G.A. Johnson’

Galled stems from 10-mo- to 2-yr-old seedlings of slash and loblolly pine previously inoculated with Cronartium quercuum
f. . fusiforme were compared with hedthy stems by Magnetic Resonance Microscopy MRM. Following transpirational
uptake of water, high resolution images (32 to 46 urn) were acquired of excised stem segments. Rapidly acquired images
showed greater signal in the xylem of hedthy stems than in galed stems, suggesting different wood/water interactions. In
the 10-mo-old plants, the cambium was contiguous between healthy and galled regions. Water transport disruption occurred
a the interface between galed and healthy regions, but in the center of the gall, the secondary xylem appeared water-filled.

At 2 years of age, differences in water distribution patterns were apparent between galed and hedthy stems, and between
a galed stem that appeared otherwise symptomless and a galled stem from a tree showing initiadl symptoms of wilt. This

study has demondgtrated the utility of MRM in nondestructively studying changes in anatomy and functional physiology with
fusform rust gdl formation in pine.
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Nondestructive, Three-dimensional Study of Root Growth with Magnetic Resonance Microscopy (MRM)'

J.S. MacFall and G.A. Johnson’

ABSTRACT
Study of intact roots in soil has historically presented challenges to the researcher. MRM is a nondestructive imaging
technique alowing repeated viewing of a subject over time. Three-dimensiond image acquisition and rendering strategies
have been developed which allow pine roots to be visualy and digitally distinguished from the surrounding sand potting
medium. Using this approach, the root systems of three pine seedlings have been repeatedly imaged over a 4 month period.
Plants were alowed to grow undisturbed in tube containers filled with tine sand. Sequentialy acquired, registered image sets
of each plant showed the development of primary and secondary lateral roots, including mycorrhizal root types.

Disappearance of fine roots was also observed within this period. MRM clearly has potentia for the repeated nondestructive
investigation of root growth over time.

! Poster presented at Research and Applications of Chemical Sciences in Forestry; 1994 February |-2; Starkville,
MS.

? Department of Radiology, Duke University, Durham, NC 27710.
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Structures and Transformations of Douglas-fir Bark Polyphenols'

Joe Karchesy?

ABSTRACT

Douglasfir (Pseudotsuga menziesii) is a major timber species of western North America ranging
from central British Columbia to centradl Mexico. The bark of this tree is an abundant source of
polyphenols that have utilization potentias, possible medicina values, and biological activities that
are not completely understood. Molecular structures have been established for various procyanidin
oligomers and polymers, phenolic glycosides, flavonoids, oxidatively coupled dimers of
dihydroguercetin, and some lignans and related compounds. Phlobaphene polymers, which are
found only in the outer bark of Douglasfir, are significantly more complex than the procyanidins,
and their structures have not been completely defined. Studies so far revea that dihydroquercetin,
polymeric procyanidin, phenolic glycoside, and lignan moieties make up polymeric phlobaphene
structures. Polymer linkages are not well defined. Evidence so far suggests phenolic oxidative
coupling plays a significant role in this complex chemica transformation of inner bark polyphenols
to outer bark polyphenols.

INTRODUCTION

Douglasfir (Pseudotsuga menzesii) is widely distributed throughout western North America where it can be found
growing in a variety of habitats ranging from coastal temperate rainforests to very dry mountainous interior sites (Fowells
1965). Two varieties of this species are commonly acknowledged. The coastal variety (var. menzesi), which ranges from
British Columbia south to Cdlifornia, is the larger of the two. In old-growth forests, trees in excess of 200 ft (even with tops
blown out by winter storms) and 500 years of age are not uncommon. The smaller Rocky Mountain Douglasfir variety (var.
glauca) grows in the interior regions ranging from centra British Columbia and western Alberta south to the mountains of
central Mexico. While Douglas-fir is native to western North America, it has been introduced to a number of other places
in the world including Europe, South America, and the South Pecific (Herman 1982, 1987).

Because of its abundance, large size, and strength properties of its wood and fiber, Douglas-fir has been the most
important timber species in the Pacific Northwest, being highly valued for the manufacture of lumber, plywood, glue-
laminated beams, and pulp and paper products. Such industrial operations generate a considerable amount of bark material
that is presently used for its fuel value, in decorative landscaping, as a plywood adhesive extender, and for charcoal briquette
production. The Muir and McDonald Company of Ddlas, OR, continues to use Douglasfir bark tannins to manufacture
leather as it has since 1863.

Douglas-fir bark was recognized by earlier researchers as a rich source of phenolic extractives, and much of the
natural products chemistry done on this species has been spurred on by an effort to find a better utilization of this resource
(Hal 197 1, Hergert 1962). Isolations and structural elucidations began in the late 1940’'s when the compound (+)-
dihydroquercetin (1) was initidly isolated from Douglas-fir heartwood (Pew 1948) and then bark (Hubbard and Kurth 1949).
Since this compound constitutes about 5§ percent of the whole bark and over 20 percent of the cork tissue of the outer bark,
several generations of natural products chemists in Oregon have a one time or another investigated how this compound might
be utilized. The isolation of additional flavonoid compounds from Douglas-fir occurred in following decades. Four new
flavonoid glycosides were discovered in this species. Dihydroquercetin-3'-0-glucoside was found in the needles, cambium,
sapwood, and bark in the late 1950's (Hergert and Golds&mid 1958). In the late 1960's, two different C-methylflavanone
glucosides (2,3) were isolated from roots (Hillis and Ishikura 1969) and root bark (Barton 1969). The aglycone of 2, named
poriol, was found to be associated with root rot (Poria weirii) in second-growth Douglas-fir stands (Barton 1967). Quercetin,
catechin (4), and epicatechin (5) were dso found in the bark (Hillis and Ishikura 1969, Weinges 1958).

' Paper presented a Research and Applications of Chemical Sciences in Forestry; 1994 February 1-2; Starkville,
MS.

? Department of Forest Products, Oregon State University, Corvalis, OR 97331-7402.
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The tannins of Douglasfir bark also presented earlier researchers with the prospects of industrial utilization (Hall
1971, Hergert 1962). Kurth and others (1948) had shown that yields of 8 to 18 percent could be obtained by hot water
extraction depending on variables such as tree age and position of bark on the tree. Younger trees showed the higher tannin
contents. These results fit well with what we now know about Douglas-fir bark tannins. They are in highest concentrations
in living inner bark tissues, and their concentration drops off rapidly in the outer bark as transformation to water insoluble
phlobaphenes and possibly other substances takes place. Douglasfir tannins were subsequently shown to be procyanidin
oligomers and polymers with both catechin and epicatechin extending units (Hergert 1960, Karchesy and others 1976,
Weinges 1958), but little else was known of the finer details of their molecular structures. Studies on the biosynthesis and
location of Douglas-fir tannins (proanthocyanidins) in needles, cell suspension cultures, and bark showed that only
procyanidins are found in the bark of older (80 yrs) trees, but that both procyanidins and prodelphinidins are found in the
bark of very young trees (Stafford 1989, Stafford and others 1989). This has raised some interesting questions. What is the
significance of this transient formation of prodelphinidins, and why and when does it stop during the trees growth?

Another question that has been around somewhat longer is that of the nature of phlobaphene formation in the outer
bark. Phlobaphenes are the reddish-colored phenolic materials from the bark that are acohol soluble and water insoluble
(Hergert 1962). Chemists have commonly believed that phlobaphenes were derived from co-occurring condensed tannins
by oxidation and polymerization reactions. Kurth and others (1968) showed that dihydroquercetin was liberated from
Douglas-fir phlobaphenes by an ethanolysis reaction indicating that other phenols may be involved in this complex
transformation as well. During the ensuing decades, little additional information was gained about the nature of phlobaphenes
because of the apparent complexity of their structures and lack of adequate purification techniques.

METHODS

By the 1980's, polyphenol natural products chemists were enjoying the use of new and far-reaching analytica
techniques for structure determinations. In particular, *C NMR (Czochanska and others 1980, Porter and others 1982), 2-D
NMR techniques that allowed for 'H-PC heteronuclear correlations (Ferreira and Brandt, 1989) and mass spectrometric
techniques such as FAB and ion peak linked scanning (Karchesy and others 1986, 1989b, 1989¢) gave us the unprecidented
ability to determine the structures of some very complex polyphenols in their native form. The need for derivatization or
degradation was significantly reduced. Of course, such compounds need to be isolated and purified, and we were fortunate
to have new chromatographic gels and strategies available to help by complementing some of the older techniques that are
dtill of great value (Karchesy and others 1989a). These analytical developments alowed us the privilege of making some
significant advancements in understanding the structures and reactions of Douglasfir bark polyphenals.

RESULTS AND DISCUSSION

Procyanidin oligomers, polymers, and associated flavonoid glycosides were isolated from the water-soluble fraction
of the methanol extract of inner bark, which was partitioned between water and ethyl acetate. Study of the ethyl acetate
fraction is not complete. The agueous phase contained about 47 percent carbohydrate material by weight and the balance
predominantly the polyplienols. Polyphenol-carbohydrate complexation (Haslam 1989) likely played a role in solubilizing
the polyphenols into the aqueous phase in spite of repeated extractions by ethyl acetate. The finding of only C4-»C8-linked
procyanidin dimers in the agueous phase and both C4—C8- and C4—Cé6-linked dimers in the ethyl acetate phase suggested
some steric effects may be involved in such complexations as well.

Table 1. Phenolic glycosides of Douglas-fir inner bark

Epicatechin-7-0-8-D-glucopyranoside
Catechin-7-0-B-D-glucopyranoside
Catechin-4’-0-8-D-glucopyranoside
3’-0-Methylepicatechin-7-0-8-D-glucopyranoside
Dihydroquercetin-3’-0-8-D-glucopyranoside
Dihydroquercetin-7-0-8-D-glucopyranoside
Dihydrokaempferol-7-0-8-D-glucopyranoside
Phloroglucinal- 1 -0-B-D-glucopyranoside
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The phenolic glycosides isolated are noted in table 1 (Foo and Karchesy 1989a). All were B-D-glucopyranosides
with glycosidic linkages through either the A-ring C-7 oxygen atom or the B-ring C-3' or C-4 oxygen atoms in the
aglycones. Not surprisingly, most of the aglycones corresponded to either catechin, epicatechin, or dihydroquercetin.
Individual oligomeric procyanidins through pentamers were isolated and their structures established as noted in table 2 (Foo
and Karchesy 1989b, 1991). Structures were established primarily by use of PC NMR, IR, FABMS, and partia acid-
catalyzed degradation reactions with benzylthiol. The dimers B-l (6) and B-2 (7) were found in a significantly higher amount
than B-3 and B-4 (combined wt. ratio of B1 and B2 to B3 and B4 = 6:1). Considering that both catechin and epicatechin
monomers exist in abundance in the bark, it is thus not surprising to see that the rest of the oligomers, trimers through
pentamers, are dominated (but not exclusively) by epicatechin extending units with C4—C8 linkages and that terminal units
are mixed epicatechin and catechin. This agrees with proposals that procyanidin biosynthesis occurs by condensation of a
free flavan-3-ol with a flavan cabonium ion or quinone methide to give dimers and higher oligomers (Haslam 1989). Of the
trimers, tetramers, and pentamers, the most abundant compound of each group was the all epicatechin oligomer with all
C4-—C8 linkages (8-10).

Table 2. Procyanidin oligomers isolated from Douglas-fir inner bark.

Epicatechin-(48—8)-catechin or B 1
Epicatechin-(48—8)-epicatechin or B2
Catechin-(4a—8)-catechin or B3
Catechin-(40.—8)-epicatechin or B4
Epicatechin-(48-»8)-epicatechin-(43—8)-catechin
Epicatechin-(43-»8)-epicatechin-(48—8)-epicatechin
Epicatechin-(48—8)-catechin-(4o—>8)-catechin
Epicatechin-(48-»6)-epicatechin-(4B—8)-epicatechin
Epicatechin-(48—38)-[epicatechin-(48->8)-],-epicatechin
Epicatechin-(4B8—8)-[epicatechin-(48—8)-],-catechin
Epicatechin-(48—8)-[epicatechin-(48—>8)-],-epicatechin
Epicatechin-(48-»8)-[epicatechin-(43—>8)-];-catechin

The polymeric procyanidin fraction amounted to about 25 percent by weight of the agueous soluble material (Foo
and Karchesy 1989¢). This optically active polymeric material had a number average chain length corresponding to about
seven flavanoid units and was exclusively procyanidin in nature. No prodel phinidin units were detected. The extending units
were composed almost exclusively of epicatechin moieties, and the terminal units were mixed catechin and epicatechin, as
they were in the case of the oligomers. The C4—C8 interflavanoid bonds occurred more frequently than the corresponding
C4—C6 bonds by aratio of 4: 1. This structural assessment was made by use of *C NMR and IR spectroscopy and partial
degradation of the polymers with phloroglucinol in ethanol with 1 percent hydrochloric acid at room temperature and under
nitrogen.

The polyphenols of Douglas-fir outer bark present a more complex picture than those encountered in the inner bark
(Foo and Karchesy 1989¢e). The methanol soluble phlobophenes are the most abundant polyphenols. Chromatographic
separation into various fractions was achieved by use of Sephadex LH-20 and methanol. Preliminary studies by use of BC
NMR have indicated their structures to be composed of mixtures of polymeric procyanidin, dihydroquercetin, carbohydrate,
and methoxyl moieties. The moiety composition of each major chromatographic phlobaphene fraction was distinctly
different. Water insolubility appearsto bein great measure due to the methoxy!l groups, but other as yet undetined structural
features may play a role as well. Polymer linkages remained undefined, but the *C NMR data did suggest the possibility
of phenol oxidative coupling playing a role.

Confirmation of in vivo phenol oxidative coupling reactions occurring in the outer bark came with the later isolations
of two dihydroquercetin dimers with B-ring biphenyl linkages. Pseudotsuganol (11), a dihydroquercetin-pinoresinol coupled
compound, was also the first true flavonolignan to be isolated in nature (Foo and Karchesy 1989d). [5’, 5']-
Bisdihydroquercetin (12) also was unique in being the first natural biflavonoid linked exclusively through the B-rings (Foo
and others 1992). Both compounds further suggested that the C-5' of the catechol B-ring may be the favored site for
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oxidative coupling of dihydroquercetin in the outer bark. Additional oxidatively coupled oligomers need to be isolated and
studied as models so that strategies can be developed to define such linkages in the phlobaphene polymers.

While the outer bark was investigated for other possible phlobaphene precursors (Maan and others 1992), the lignans
pinoresinol (13), epipinoresinol, and the furolactone (14) were also isolated from the methanol extract. Clearly, the isolaion
of pseudotsuganol indicates that lignans also can participaie in phlobaphene formation and likely account for much of the
methoxyl resonances observed in phlobaphene *C NMR spectra.  The furolactone (14) gives us some additional views on
polyphenol transformations in the outer bark. This relatively rare compound was previoudy identified by Koshino and others
(1989) who isolated it as a metabolite produced from pinoresinol in cultures of Epichole typhina. Similar furolactones have
been isolated (Castellano and others 1986, Jakupovic and others 1987); one of them, also from a tree bark extract of
Necfandra turbacensis by De Carvalho and others (1987). Examination of the outer surface of the bark of a standing
Douglasfir tree quickly shows that a number of different fungi and lichens are living there. Are these compounds being
produced by the fungi on the bark? Are fungi involved in phlobaphene formation in any way? Perhaps it is time we
consider the tree, its bark, and things growing on the bark as an ecological unit.

Other potential phlobaphene precursors that have been isolated from the outer bark include severa phenolic
glycosides in addition to those previoudy reported in the inner bark. The two C-methyl flavanone glucosides (2,3) reported
earlier-in the roots by Hillis and Ishikura (1969), and root bark by Barton (1969) were among them. Also found present was
6-CMethyl dihydrokaempferol 7-0-8-D-glucopyransoide as well as its aglycone and 1,2-dimethoxy-4-0-8-D-glucopuranoside
benzene (Maan and others, 1992). Incorporation of such phenolic glycosides into the phlobaphene polymer structures can
account for the carbohydrate (glucosyl) carbon resonances observed in the *C NMR spectra of some phlobaphene fractions,

Procyanidins such as B-l, B-2, and higher dilogomers are found in the outer bark, but in significantly lesser amounts
than in the inner bark. Their oligomer and polymer profiles are not completely defined at this time. However, the
proanthocyanidin dimer A-l (15) was isolated, and its significance is not clear a this time since its existence in the inner
bark is not resolved. It may be present in the ethyl acetate solubles of the inner bark and thus is synthesized there, or it may
be formed in the outer bark as part of the array of polyphenol transformations teking place during outer bark formation.
Clearly, there is avariety of phenolic compounds in Douglas-fir bark, and many remain to be identified before we can
completely unravel the questions about phlobdphene formation, structure, and the nature of polyphenol transformations
accompanying outer bark formation.

Oxidative coupling reactions of dihydroquercetin and pinoresinol are currently being studied in efforts to gain insight
into the reaction and obtain models for phlobaphene formation [50]. In preliminary reactions so far, we have found that when
dihydroquercetin is reacted with K,Fe(CN), under akaline conditions, no B-ring to B-ring-linked dimers were found, but
rather 3 A-ring to B-ring linked compounds were formed in low yield (12 percent or less). The C-5' linked compound was
most abundant. Dihydroquercetin was reacted with pinoresinol under similar conditions in an attempt to synthesize
pseudotsuganol, but that product was not found. However, a hiphenyl-linked pinoresinol dimer was obtained as one of the
reaction products, again in low yield. Clearly, other reaction conditions need to be investigated to better understand this very
important transformation that is going on in the outer bark.

CONCLUSIONS

Douglasfir bark contains a wide variety of polyphenolic structures. While we have learned a great deal about these
substances over the last five decades since Pew first isolated dihydroguercetin, there is till much for the natural products
chemist to do. We till don't know the structures of one of the major groups of compounds-the phlobaphenes. Nor do we
redly understand the transformations of polyphenols that occur in the outer bark, let done in the immediate forest ecosystem.
In the past much of the polyphenol research on Douglas-fir, or any commercia timber species, has been driven by its
industrial utilization. Dihydroquercetin was discovered because it interfered with pulping reactions. Bark was considered
a waste product generated by production of more important lumber and plywood. The prospect of utilizing bark condensed
tannins as a renewable resource to replace petrochemical-based wood adhesives is till attractive. 1t would be beneficia to
future generanons to develop new polymers and wood composites with less dependence on petroleum.

As we look to the future, one can see some new areas for polyphenol research. Increasingly polyphenols are being
found ta have significant medicina values (Bisset and others 1991, Haslam and others 1989, Okuda and others 1989).
Antiviral, antitumor, hypotensive, and antiulcer are just some of the demonstrated activities. Understanding the roles of
molecular structures is paramount, Radical scavenging ability appears to be important, and astringency aone does not
determine activity. Biologists are presently concerned with the cycling of carbon and flux of CO, in our forest ecosystems.
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Douglasir is a major carbon sink in the Pacific Northwest forests. . When one considers the large amounts of polyphenols
produced by Douglasfir and the other numerous woody plants in the forest, it is clear that a maor flow of carbon in the
environment is going through the polyphenols. Natural products chemists know that dl carbon is not the same. Polyphenols
can be physiologicaly active to a wide variety of organisms depending on various molecular structures. They also chelate
and transport metals, and probably are involved in some things yet unknown.
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Conformational Analysis of Polyphenols’
Richard W. Hemingway, Jan P. Steynberg, Wayne L. Mattice, and Fred L. Tobiason?

ABSTRACT

Plant polyphenols of the condensed tannin class derive most of their biological and commercia significance from their

propensity to complex with proteins. In an attempt to explain specificity in the complexation of polyphenols with proteins,

it was first necessary to understand the preferred shape and flexibility of these molecules. Because the condensed tannins
are polymers built up of flavonoid units, both the conformation of the heterocyclic ring and rotation about the interflavonoid
bond must be considered. These questions are approached by defining bond length and angles as determined in crystal

structures in conjunction with fluorescence and nuclear magnetic resonance spectroscopic analyses. The conclusions reached
from interpretation of physica data were compared with the results obtained from a variety molecular modeling methods.

In the poster presented at this meeting, selected results of these analyses are presented to give the “flavor” of the work
involved. A PC with the Alchemy Il and MMX force fields is provided to permit participants to examine small model

compounds of interest in their work.

! Poster presented at Research and Applications of Chemical Sciences in Foresiry; 1994 February 1-2; Starkville,
MS.

? USDA Forest Service, Southern Forest Experiment Station, Utilization of Southern Timber Resources, Pineville, LA
71360; Department of Chemistry, University of Orange Free State, Bloemfontein, 9300, South Africa; Indtitute of Polymer
Science, University of Akron, Akron, OH44325; Department of Chemistry, Pacific Lutheran University, Tacoma, WA 98447,
respectively.
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Polyamines and Inorganic foms Extracted from Woody Tissues by Freeze-thawing'

Rakesh Minocha and Walter C. Shortle

ABSTRACT

A simple and fast method for extraction of major inorganic ions (Ca, Mg, Mn, K, and P) and
cellular polyamines from small quantities of wood and woody plant tissues is described. The
method involves repeated freezing and thawing of samples instead of homogenization or wet ash
digestion. The efficiency of extraction of both polyamines and inorganic ions by these methods
was compared for 10 different tissues. Drillbit shavings generated from wood disks or increment
cores were also compared with ground wood as the starting material for ion analysis by this newly
developed method of freeze-thawing. Direct use of drillbit shavings circumvents the need for
making wood chips by hand and grinding in a Wiley mill. Moreover, freeze-thawing not only
eliminates the need for various tissue homogenizers but is adso simple enough that a large number
of samples can be processed simultaneously. This method seems to be particularly useful with
extremely small samples of 25 mg or less, eg., shavings from individual growth rings of mature
trees and differentiating tissues grown in vitro.

INTRODUCTION

Mohilization patterns of one or more ions within wood can be related to either wood decay processes (Safford and others
1974) or environmental stress conditions (Blanchard and others 1978; Bondietti and others 1989, 1990; Shortle and Smith
1988) in living trees. Also, the yearly variations in the inorganic ion content of a tree ring or increment core may be
indicative of the composition of the nutrients taken up by the tree during that growth period (Bondietti and others 1989,
Pillay 1976). Thus, changes in the ion composition of wood and woody plant tissues grown in culture may be used to
evaluae the current growth potentiad and/or predict vulnerability of trees to environmental stress, injury, and infection.

Polyamines spermidine, spermine, and their precursor, putrescine, have been found to play a significant role in the growth
and development of plant cells (Slocum and Flores 1991, Smith 1985) . The cellular polyamine content is highly regulated.
A variety of stimuli including Ca and Mg deprivation (Smith 1973), pathogenesis (Greenland and Lewis 1984), ozone and
acid stress (Dohmen and others 1990), aluminum stress (Minocha and others 1992). etc., al lead to an accumulation of one
or more of the polyamines. Divalent cations such as Ca and Mg have been shown to substitute for polyamines in some of
their metabolic activities, especialy under stress conditions (Minocha and others 1992, Smith 1985). This information has
prompted numerous studies on the quantitative analysis of cellular polyamines in various plant tissues (Minocha and others
1990, smith 1991).

Most of the published work on extraction of polyamines from various tissues involved homogenization of tissue in
perchloric acid (PCA) or trichloroacetic acid (TCA) using one of the following: (a) A chilled mortar and pestle with liquid
nitrogen; (b) a polytron or tissumizer; or, (c) conica ground glass homogenizers (Birecka and others 1988; Faure and others
1991; Kushad and Yelenosky 1987; Maki and others 1991; Meijer and Simmonds 1988; Minocha and others 1991, 1992,
1993; Nidlsen 1990; Rastogi and Davies 1989; Torrigiani and others 1987). These methods of grinding, though not very
complicated, are time consuming and often noisy due to the use of polytron for long periods. Similarly, commonly used
extraction procedures of dry and wet ash digestion for the determination of total inorganic ions require a rather large sample
Size (100 to 1,000 mg) and are time consuming, laborious, costly, and in many cases, hazardous (Anderson and Henderson
1986, Isaac and Johnson 1976, Kingston and Jassie 1986, Kuennen and others 1982, Wikoff and Moraghan 1986, Wolf 1982).
In most cases, it is difficult to process a large number of samples by any of these methods. A quick and safe procedure for
extraction of cellular-free polyamines and exchangeable or total inorganic ions would be useful to many laboratories.

! Paper presented at Research and Applications of Chemical Sciences in Forestry; 1994 February |-2; Starkville, MS.
? USDA Forest Service, Northeastern Forest Experiment Station, Concord and Mast Roads, Durham, NH 03824,
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Extraction by repeated freeze-thawing as a reliable method for quantification of cellular polyamines as well as inorganic ions
from woody plant tissues is presented. Homogenization of wood was also tested along with freeze-thawing to evaluate whether
this procedure could aso replace wet ash digestion for extraction of inorganic ions.

METHODS
Tissue Preparation

Wood

For ground wood samples, sapwood of air-dried disks taken from several mature red spruce (Picea rubens Sarg.) trees was
chipped and ground in a Wiley mill to pass through a 420-pm sieve. This pooled ground wood was mixed thoroughly and used
as an inhouse reference material since no standard reference material for nutrient content of wood was available from the National
Institute of Science and Technology (NIST) for use in method development and quality contral.

As an dternative to grinding, a relatively fast and effective method of drilling was developed to prepare wood samples in small
quantities either from red spruce or red oak (Quercus rubra L.) wood disks or from tree ring cores of red spruce.  Briefly, the
wood surface of an increment core was cleaned by drilling a1 .O- to 3.0-mm deep hole with a3.2-mm cobalt twist bit. A 7.9-mm
titanium twist bit was used for cleaning of 5.0-cm thick air-dried disks. The shavings generated were dusted off the surface and
discarded. At this point, either a3.2-mm or 6.4-mm cobalt drill bit was used to collect either fme or coarse shavings (fig. 1). All
the shavings of a certain size were pooled to provide homogenous material for method comparison (for details, see Minocha and
Shortle 1993). All wood samples were ovendried at 80 °C for 16 to 24 h and cooled to room temperature over silica gel in
desiccators before weighing. Five replicates were used for each treatment unless stated otherwise. Polyamine analyses were not
performed for wood samples.

Figure 1 .-(A) An oak wood disk showing the arrangement for taking sapwood and heartwood samples using 6.4-mm-diameter
drill bit. (B) 12-mm-diameter increment cores from red spruce glued to groovesin wood blocks. A 3.2-mm-diameter drill bit was
used to drill holes within single annual rings of a fast-growing tree (Top) or at a set distance regardless of number of rings per hole
(Bottom).
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Needles, Callus Tissue, and Cell Suspensions

Tissueswere prepared in one of the following ways. (a) Needles from one or more red spruce seedlings were pooled, washed
with distilled water, blot dried, and finely chopped; (b) callus tissue grown on agar solidified medium was pooled from several
plates, blotted on filter paper to remove excess moisture and finely chopped before weighing; and (c) suspension cultures from
two or mom flasks were mixed, collected on Miracloth (Calbiochem-Behring Corp., La Jolla, CA), and thoroughly washed with
3 volumes of deionized distilled water. Aliquots were taken from these pooled tissues for different methods as well as for replicates
within the same method.

The tissues tested included: callus of Norway spruce, Picea abies L. (Karst.), and aspen, Populus tremuloides; cell suspensions
of red spruce, Picea rubens (Sarg,), hybrid poplar, Populus nigra X P.maximowiczii, and periwinkle, Catharanthus roseus; needles
(1 -year-old, 2-year-old, or mixed) and roots of 2-year-old red spruce seedlings. Whole dry needles from mature red spruce trees
were also tested. Tissue samples were replicated four to five times unless otherwise indicated.

Wet Digestion

For wet ash digestion (W), the procedure of Isaac and Johnson (1976) as modified by Michaglson and Ping (1990) was
followed. Briefly, 200 + 0.5 mg of well-mixed sample was transferred to a 75-ml block digest tube followed by the addition of
7 mlof digestion mixture (97 g of sdenous acid dissolved in 100-ml ultrapure [Millpore Corporation, Bedford, MA] water and
added slowly to 4 kg bottle of concentrated sulfuric acid). Two Teflon boiling stones and 0.5 ml of 50 pecent hydrogen peroxide
were added to the digestion mixture in each tube. The tube was vortexed and placed in a preheated (400 “C) block for 30 sec and
then removed. The step of adding 0.5 ml hydrogen peroxide and heating for 30 sec was repeated until the solution became clear
(about 4 ml). Before hydrogen peroxide was added, the tubes were removed from the heating block to allow them to cool for 1
min to avoid loss of volume due to effervescence. Once the solutions were clear, the digestion was allowed to continue for another
55 min (total digestion time 60 min). After the tubes were cooled to room temperature, ultrapure water was added to bring the
volume to 75 ml, and the solution was transferred to acid-cleaned storage bottles until ready for analysis, Two blanks were digested
per batch of samples.

Extraction by Homogenization

For the extraction of inorganic ions by homogenization, 5 ml of 0.01 N HCI were added to a 50-mg tissue sample in a1 5-ml
acid-washed glass test tube. The samples were homogenized for 90 s at 20,000 rpm using a Brinkmann Polytron homogenizer.
The extracts were stored in test tubes at 4 °C until the time of analysis. Samples were filtered using a 45-pm nylon syringe filter
immediately before analysis. Wood samples (25 mg) were homogenized for 90 s at 24,000 rpm with Teckmar tissumizer or
Brinkmann polytron in 1 ml of 0.01 N HC1 and final volume brought to 5 ml (Minocha and Shortle 1993).

For polyamine analysis, 200-mg tissue samples were transferred to 5 percent PCA (tissue:PCA rétio 1:4) in a 15-ml Corex
centrifuge tube and homogenized for 90 s at 20,000 rpm using a Brinkmann Polytron homogenizer. The samples were incubated
on ice for 1 h and then centrifuged at 18,000 x g for 20 min and the supematant kept frozen at -20 °C until dansylation.

Extraction By Freeze-thawing

For freeze-thawing, the samples for both inorganic ions as well as for polyamines were frozen a -20 °C and thawed at room
temperature, with the process repeated two more times. The duration of thefreezing step varied from 4 h to afew days. Samples
were allowed to thaw completely (not to exceed 1.5 h for tissues grown in culture and 5 h for wood samples) before refreezing.
After freeze-thawing, the samples were either filtered (for inorganic ions) or centrifuged at 13,500 x g (for polyamines). Other
details of sample weight and extraction volume were kept identical to the homogenization method except that the samples for
polyamines were processed in 1.5 ml microfuge tubes.

lon Analysis

The concentrations of major inorganic ions were determined by Beckman Spectra span V ARL DCP-AES (Direct Current
Plasma Atomic Emission Spectrometer, Beckman Instruments Inc., Fullerton, CA) using the Environmental Protection
Agency’s (EPA) method number 66-AES0029 (1986).



Polyamine  Analysis

Prior to dansylation, heptanediamine was added to the extracts as an internal standard for polyamine andlysis.  Fifty microliters
of the extract were dansylated, separated by reversed phase HPLC (Perkin-Elmer Corp., Norwak, CT) using a gradient of
acetonitrile and heptanesulfonate and quantified by a fluorescence detector (Minocha and others 1990).

Statistical ~ Analysis
Wood

Cochran's test for homogeneity of variance was performed on data sets involving comparison of more than two treatments
(Cochran 1941). In cases where the null hypothesis of homogeneity was accepted, analysis of variance was carried out using SAS
version 6.7 (SAS Ingtitute Inc.,, Cary, NC). If the treatment differences were significant, Duncan's multiple range test was
performed to separate the multiple treatment means (Duncan 1955). In cases where the null hypothesis of homogeneity was
rejected, a t-test for unequal variances was performed comparing each treatment separately with the standard treatment. For data
sets involving only two treatments, Satterthwaite’s t-test for equal or unequal variances was performed using the same version of
SAS.

Needles, Callus Tissue, and Cell Suspensions

Systat 5.02 (Systat Inc., Evanston, IL) for windows was used to perform either one way analysis of variance or a t-test for
independent samples in order to evaluate if the trestment means were significantly different (two-tailed o =.05). An f-test for
homogeneity of variance was performed on data to determine if a t-test for equal or unequal variances should be used (Snedecor
and Cochran 1956). In cases where the null hypothesis of homogeneity was accepted, pooled variances were used for t-tests. In
cases where the null hypothesis of homogeneity was rejected, a t-test for separate variances was performed.

RESULTS
Inorganic  lons
Wood

Initidly, both homogenization and freeze-thawing methods were tested on the inhouse reference materia (ground red spruce
sapwood). The results presented in figure 2 show that there was no significant difference between amounts of Ca, Mg, and Mn
extracted by any of the three methods. However, the amount of K extracted by freeze-thawing was significantly higher as
compared to wet digestion and homogenization. As both tine and coarse drill shavings of red spruce and red oak, collected by
drilling, were equally effective as the starting materia for extraction of these ions, data are presented only for coarse shavings.
The yield of Mn from red spruce sapwood and heartwood shavings was significantly higher with freeze-thawing as compared to
wet digestion and homogenization (fig. 2).

In oak sapwood, Mg was fully extractable by any of the three methods. However, Mn, which was present in minute quantities,
was fully extractable only by freeze-thawing and wet digestion. Calcium extraction was consistently reproducible but not complete
by either homogenization or freeze-thawing (fig. 2). In oak heartwood, both Mn and Mg were present in barely detectable levels
and only about 85 to 90 percent Ca was extracted by freeze-thawing or homogenization as compared to wet digestion. However,
heating the tubes at 95°C for 1 h extracted al of the Ca@Minocha and others 1993). Similar to the situation with red spruce wood,
K was extractable in significantly higher quantities by freeze-thawing from both sapwood and heartwood of red oak (fig. 2).

Needles, Callus Tissue, and Cell Suspensions

Whereas P could not be extracted reliably from wood, its extraction by freeze-thawing was equal to or better than that by
homogenization with the exception of aspen tissue (fig. 3). Likewise, the freeze-thawing method extracted equal or significantly
higher amounts of Ca, Mg, and Mn as compared to homogenization from Norway spruce callus, hybrid poplar cell suspensions,
red spruce roots , and 1 -year-old needles (fig. 4). Aspen calus yielded dlightly lower but not significantly different amounts of
al thefiveions with freeze-thawing in comparison with homogenization. In the case of periwinkle and red spruce cell suspensions
aso, the yield of both Ca and Mn was reproducible but somewhat lower by freeze-thawing (fig. 4).
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sapwood ground, SS=sapwood coarse shavings; and HS=heartwood coarse shavings. Data are

+ eplicates.

cations from woody tissues. SG

Figure 2.-Comparison of wet digestion (WD), homogenization (HO), and freeze-thawing (FT) for extraction of mgjor inorganic
mean + SE of fiver
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eplicates for homogenization and five replicates for freeze-thawing.

Figure 3.- Comparison of homogenization (HO) and freeze-thawing (FT) for extraction of P from various nonwoody tissues, Daia
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Figure 5.-Comparison of homogenization (HO) and freeze-thawing (FT) for extraction of putrescine, spermidine, and spermine
from various nonwoody tissues. Data are mean + SE of five replicates.

DISCUSSION
Wood

The use of drill-bit shavings directly for digestion of samples or for other extraction procedures has several advantages over
using ground wood. It eliminates the need for chipping and milling the wood. As compared to Wiley mills, the drill-bits are easier
to clean in between samplings. The samples for iron can also be analyzed by using non-ferrous drill-bits. Most importantly, they
provide a fast way to study the historical record within a tree by drilling within individual tree rings of a core for fast- growing trees
or within a fixed distance or decade for slow-growing trees (fig. 1).

Some of the major disadvantages of commonly used procedures of wet digestion of wood samples are: requirement for special
equipment, inability to handle large numbers of samples, requirements for large dilutions that limit the analysis of micronutrient,
and potential hazards of chemical explosion. In contrast, the freeze-thawing method is simple, is applicable to small amounts
of tissue, and allows the processing of a large number of samples at the same time. Above all, it does not require a fume hood,

complex temperature treatments, or special equipment.
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Higher levels of K were consistently recovered by, freeze-thawing and homogenization as compared to wet digestion. One
possible explanation for this could be an earlier observation by Jackson (1962) that higher temperature during extraction by wet
digestion causes volatilization of K.

Needles, Callus Tissue, and Cell Suspensions

Homogenization of tissue samples, though routinely used in most laboratories, is a relatively sow extraction procedure due
to the fact that each sample must be handled separately. Freeze-thawing, on the other hand, is amenable to batch processing of
alargenumber of samples. In our laboratory, 50 to 100 samples at a given time can be routinely processed. Moreover, no special
equipment isneeded. The yield of mgjor inorganic ions by either homogenization or freeze-thawing, though repeatable, may or
may not represent total ions present in the tissue. It is expected that both procedures would extract only the exchangeable or
soluble ions from the tissue. Total ions from fresh or dry herbaceous tissues are usually extracted by wet or dry ash digestion.
The extraction of ions from fresh needles of |-year-old seedlings of red spruce by freeze-thawing, homogenization, and wet
digestion were compared and it was found that al three methods provided complete extraction of the four ions under study.
However, it was not true for dried whole needles of mature red spruce trees (Minocha and Shortle 1993).  Itis known that highly
immobile, water-insoluble forms of major inorganic ions, such as calcium carbonate and calcium oxalate, occur in older or infected
tree tissues. To mobilize ions in these forms requires increased acidity or heat, as in the case of oak heartwood (Minocha and
Shortle 1993). Thus, if the goal is to study changes in exchangeable or non-covalently bound portions of ions in relation to a
particular stress or a change in metabolic state of the tissue, freeze-thawing with 0.01 N HCI may be quite appropriate to use.
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In Vitro Response of Heterobasidion annosum to Manganese’
William J. Otrosina and Barbara L. Illman?

ABSTRACT

Manganese (Mn) is postulated to play arole in wood decay caused by certain basidiomycetes.
We determined the in vitro response of Heterobasidion annosum (Fr.) Bref. to Mn and compared
differences between three isolates eaoh of the S and the P intersterility groups from the Western
United States. On manganese-amended malt agar plates, H. annosum produced a brownish-black
pigment that increased with increasing concentration of Mn (1, §, and 10 mM). The amount of
pigment production varied among the isolates, but isolates of the S group clearly produced more
pigment than those of the P group. In pigmented areas, hyphae appeared to be packed with black
granules, and brownish-black granules/crystals were present in the medium. The blaok pigment
implicates the presence of MnO,, potentialy resulting from the activity of Mndependent
peroxidase (MnP). An assay for MaP did not detect the enzyme in crude culture filtrates of a
chemically defined, nitrogen-limited, buffered medium of the six isolates. The differential response
of S and P group isolates to Mn raises questions about a role for this transition metal in H.
annosum physiology.

Keywords: Conifers, genetic diversity, manganese dependent peroxidases, root decay pathogens.

INTRODUCTION

Transition metals such as manganese (Mn) have been reported to be. involved in fungal degradation of wood and forest
diseases (Blanchette 1984; Illman and others 1988, 1989; Shortle and Shigo 1973). A Mndependent peroxidase {MnP).
secreted into culture medium by white-rot fungi (Glenn and Gold 1985; Johansson and Nyman 1987; Paszcynski and-others
1985) oxidizes Mn* to Mn*, which degrades lignin-model compounds in vitro. Autoxidation of Mn* results.” in an
accumulation of Mn dioxide. Manganese accumulated in black regions of wood decayed by several white rot fungi,
including Heterobasidion annosum (Fr.) Brof. (Blanchette 1984).

Heterobasidion annosum is an economically important pathogen of conifers throughout the Temperate Zone forests of
the world This fungus attacks root systems and causes death of living root tissues, woody tissue decay and mortality. Three
intersterility groups (I8G's) or biological species H. annosum are known and are associated with varying degrees of host
specificity. One group, designated P, attacks mainly pine species, incense cedar, and certain hardwoods.  Another group,
known as the S group; attacks mainly true firs and spruce species. The third group, the F group, is specific on Abies alba
in the Italian Alps and in the Apennines (Capretti and others 199 1).

Recent population genetic studies of this fungus revealed considerable genetic diversity within and genetic divergence
between I8G's from North Amerioa and Europe (Chase and Ullrich 1990, Otrosina and others 1992, 1993). In light of known
host specificity differences between 1SG's and genetic divergence in the fungus, as well as the postulated role of Mn in wood
decay by certain basidiomycetes, H. annosum was employed as a model system to determine the response of H. annosum
S and P I8G's to Mn* in pure culture and to determine if a Mn*-dependent peroxidase is excreted by H. annosum.

! Paper presented at Research and Applications of Chemical Sciences in Forestry; 1994 February 1-2; Starkville,
MS.

* USDA Forest Service, Southeastern Forest Experiment Station, Athens, GA 30602; USDA Forest Service, Forest
Products Laboratory, Madison, WI 53705, respectively.
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MATERIALS AND METHODS

Culture Conditions and Enzyme Assay

Six isolates of H. annosum were used. |solates 201, 214, and 247 of the S ISG were obtained from Abies concolor
(Gord. & Glend.) Lindl. ex Hildebr. in the centrad Sierra range of California. Isolates 114,334, and 361 of the P ISG were
obtained from Pinus ponderosa Douglas ex P. Laws. & C. Laws. hosts in Montana (114) and California (334 and 361).
Isolates were grown in 125-ml Ehrlenmeyer flasks in a chemicaly defined, nitrogen-limited culture medium by a procedure
developed for the white rot fungus Phanaerochaete chrysosporium Burds. (Kirk and others 1986). Each flask received a
10-mm mycelia plug from the margin of 7-day-old colonies growing on 1.25-percent malt extract agar. Flasks were kept
dtationary in incubation chambers for 10 days. Cultures of P. chrysosporium were aso grown to provide a positive check
on assay procedures. The culture filtrate from each isolate was assayed for the presence of Mn?*-dependent peroxidase using
vanillylacetone as substrate (Paszczynski and others 1985). One unit of enzymatic activity was defined as 1 pmol of substrate
oxidized per minute.

Agar Culture Studies

Malt extract agar medium (1.25 percent Difco malt extract and 1.5 g agar per liter of distilled water) was amended for
Mn* by adding MnSO, to yield final concentrations of 0.0, 1.0, 5.0, and 10.0 mM MnS0,. MnSO, culture medium was
sterilized by autoclaving for 15 minutes at 12 1 °C. The pH was determined potentiometrically for all media by mixing
subsamples with an equal proportion of distilled 18.0 megohm water. Samples were measured after 20 minutes equilibration.
The pH vaues for 0, 1.0, 5.0, and 100 mM MnS0, were 5.2, 5.1, 4.7, and 4.5, respectively.

Three replicate plates for each isolate and Mn* amendment combination were inoculated with a 4-mm diameter agar
plug taken from the margins of 7-day-old malt extract agar stock culture plates. After inoculum was placed in the center
of each plate, the plates were incubated on a laboratory bench at 24 °C for 8 days.

Cultures were visually and microscopically evaluated for production of a brown-black pigment in culture medium and
hyphae, indicative of Mn* dioxide accumulation. A visual rating system was used to score cultures for presence, extent,
and intensity of a brown-black pigment. The ratings ranged from (0) to (++++), where (0) indicates no dark pigment and
(+) to (+++H) indicates increasing amounts of pigment. The ratings were used to compare S and P ISG's (table 1). Samples
of mycelia were transferred to glass dides, covered with a cover dip without staining, and observed at 400x for presence
and location of a brown-black pigment.

Table 1.--Relative intensity of dark precipitate formation in Mw**-amended malt extract agar for S and P intersterility groups of Heterobasidion annosum
ty precip

Relative intensity

Mn®* concentration § group P group
10 mM P +
50 mM +H++ +
100 mM +H ++
0.0 mM 0 0

* Plus (+) symbol represents relative precipitate extent and intensity at various Mn*concentrations. Four (+) symbols = highest extent and intensity.

RESULTS anp DISCUSSION
A brown-black pigment developed in MnSO,-amended cultures of H. unosim. The in vitro response of H. unnosum
to Mn” is presumably due to the activity of Mndependent peroxidase and subsequent accumulation of Mn*" dioxide.
Microscopic examination of hyphae from the dark areas of the cultures reveds granular crystas in the medium
surrounding hyphae. The hyphae also appear dark and packed with this materia (fig. 1). These observations are consistent
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with the accumulation of manganese oxide-containing black flecks that have been reported for H. annosumdecayed wood
in nature (Blanchette 1984).

Figure 1 .--Putative oxidized manganese precipitate in Heterobasidion annosum hyphae. Note presence of refractile precipitate
within and surrounding hyphae as it appeared under differential interference contrast. Hyphae were from 1.0 mM Mn**-
amended b-day-old malt extract agar culture. Magnification x 400.

The S and P ISG's exhibited a differential response to Mn (table 1). The S group isolates had a qualitatively more
intense development of dark pigment than did the P group isolates. Thiswas consistent with all Mn concentrations with the
exception of a P ISG that produced dark pigment in 10.0 mM MnS0,. The S ISG produced more pigment in1.0 and 5.0 mM
MnSO, than in 10.0 mM, reflecting a concentration optimum for Mn. Growth of S and P ISG's appeared to be depressed
in the 10.0 mM concentration relative to the 1.0 and 5.0 mM concentrations. Comparisons should be made between the
growth rate and Mn oxide production for a larger number of isolates within intersterility groups of this fungus.

Extracellular manganese-dependent peroxidase activity was not detected in the crude culture filtrates of the H.
annosum isolates. Peroxidase activity was detected in filtrates of P. chrysosporium. The culture conditions used for P.
chrysosporium may not be appropriate for secretion of the peroxidase by H. annosum in liquid culture. However,
observations of the dark pigment in agar plates may be due to secretion of the enzyme under those conditions.

CONCLUSIONS
There is considerable genetic divergence between the ISGs of H. annosum and this genetic divergence is associated
with host specificity (Otrosina and others1992, 1993). The apparent differential response to Mn?* between the S and P ISGs
suggests genetic divergence may aso be manifested in some unknown differences in enzymes involved in oxidative lignin
degradation. Lignins differ qualitatively between hardwood and softwood species (Highley and Kirk 1979, Sostrom 1981).
Although highly speculative, differences in Mndependent peroxidases in H. annosum may be a manifestation of the same
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evolutionary forces that formed the basis for host specificity in this pathogen. Further studies are planned concerning
response of various geographic sources and ISGs of H. annosum to Mn *isozyme analysis of Mn-dependent peroxidase of
the ISGs and isolation and characterization of Mn-dependent peroxidases from this forest pathogen. This fungus can serve
as a model system to study wood decay mechanisms and evolutionary processes involved in host interactions.
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Dirtribution of Manganese(IT) in White-rot Decayed Aspen:

A New Transmission Electron Microscopy (TEM) Technique’

Thomas A. Kuster®

ABSTRACT

White-rot fungi are unique in their ability to degrade lignin in wood. These fungi produce
extracellular ligninolytic enzymes that can break down lignin but appear too large to penetrate the
cell wall tissues. Current research suggests that manganese might facilitate the early stages of
lignin biodegradation. A new transmission electron microscopy (TEM) technique to observe
manganese*? Mn(II)) in wood has been developed. This technique utilizes a chemical spot test
specific for Mn(lI). A reaction product between Mn(II) and silver makes a good electron-dense
marker in the TEM. Control aspen chips treated with ammoniacal silver nitrate and prepared for
TEM showed Mn(Il) labeling scattered throughout the cell wall tissues. Occasiondly, dightly more
Mn(I) appeared in the middle lamella. In aspen chips decayed for 2 weeks with Phunerochuete
chrysosporium, Mn(II) was found in greater concentrations in cells undergoing early stages of
decay; Mn(II) was found associated with fungal hyphae and the hyphae sheath in the cell lumens.
In aspen chips after 10 weeks of decay, Mn(II) labeling was less in areas of extensive decay and
more in areas with less extensive decay.

Keywords: Cytoohemistty, manganese, transmission electron microscopy, white-rot decay.

INTRODUCTION

Some white-rot fungi decay al wood cell wall components simultaneoudly, totally mineralizing the wood. Other white-rot
fungi can selectively degrade the wood, removing hemicelluloses and lignin, and leaving cellulose behind. Because of their
ability to degrade lignin, selective white-rot fungi are of great interest with respect to their industrial uses. Applications
include biopulping of wood, pulp-plant effluent cleanup, biobleaching, and bioremediation.

The mechanism of white-rot wood degradation is not fully understood, and the precise role of manganese ions during
white-rot decay is unknown. Current research suggests that lignin degradation is either enzymatic or carried out by hydroxyl
radicals or a combination of both. Degradative enzymes produced by Phanerochagte chrysosporium include lignin peroxidase
(Gold and others 1983, Tien and Kirk 1983), manganese peroxidase (Huynh and Crawford 1985, Kuwahara and others 1984),
and glyoxal oxidase (Kersten and Kirk 1987).

Manganese levels were shown to significantly increase during white-rot decay in soil block tests (Jellison and others
1992). Manganese is imported from the soil by the decay fungi. Bonnarme and Jeffries (1990) showed that manganese levels
have a regulatory effect on enzyme production. When Mn(III) plus an organic acid is present, manganese peroxidase is
predominate, whereas without the organic acid, manganese goes to manganese dioxide and lignin peroxidase is predominate
(Perez and Jeffries 1992). Manganese peroxidase, codependent on Mn(Il), was shown to be the predominate peroxidase
detected in aspen chips decayed 3 days by Phunerochaete chrysosporium (Datta and others 1991). Cui and Dolphin (1990)
showed that Mn(III) stabilized with an organic acid can function as a diffusible oxidant in lignin model compound oxidation.
Manganese(Ill) is capable of oxidizing lignin substructures such as phenolic units (Bourbonnais and Paice 1989).

! Paper presented at Research and Applications of Chemical Sciences in Forestry; 1994 February 1-2; Starkville,
MS.

! USDA Forest Service, Forest Products Laboratory, Madison, WI 53705-2398.
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Backa and others (1993) showed that hydroxyl radicals are present during white-rot wood decay and suggested that these
radicals are responsible for the initial phase of fungal-mediated wood degradation. A transition meta ion catalyzes the
reductive cleavage of hydrogen peroxide to form hydroxyl radicals. Hydroxyl radicals are smal enough to diffuse into the
wood tissues and cleave some covalent bonds, opening up the structure to oxidative enzymes. Research by Kirk and others
(1985) showed that hydroxyl radicals are not involved in Co,—C g bond cleavage in lignin degradation. Research suggests this
is accomplished by lignin peroxidase (Kersten and others 1985, Kirk and Chang 1975, Schoemaker and others 1985).

The digtribution of Mn(II) in wood a the ultrastructure level is of interest because of the uncertainty of its role during the
decay process. A new technique using TEM is described, whereby Mn(Il) is complexed with silver, and the complex is
visible in the TEM. The technique is based on a chemica spot test developed by Feigl(1954) for the determination of Mn(II).
The distribution of Mn(II) in aspen control and white-rotted chips is demonstrated..

METHODS

Aspen (Populus tremuloides) wood chips were inoculated with Phanerochaete chrysosporium BKM-F-1767 and treated in
a bioreactor (Myers and others 1988) or incubated in stationary flasks. Untreated control chips, chips from the bioreactor
decayed 2 weeks, and chips from the stationary flasks decayed 10 weeks were taken and processed for TEM (Kuster 1994).

Samples were cut into 1- by 1- by 2-mm segments and aspirated during treatment with ammoniacal silver nitrate (ASN) for
15 to 30 minutes. Solutions of ASN were as follows:
(1) Concentrated (28 to 30 percent) anmonium hydroxide was added to a saturated solution of silver nitrate until the
silver chloride precipitate dissolved. A second volume of ammonium hydroxide equal to the first was then added. 3
(2) Asin (1), except a 4-percent solution of silver nitrate was used.

Samples were rinsed in distilled water and aspirated for 3 x 15 minutes each, dehydrated in ethanol, and embedded in
Quetol 651 (Abad and others 1988). After rinsing in digtilled water, some samples were additionally fixed in 1 percent

osmium tetroxide for 1-1/2 hours, then-processed for TEM. Thin sections were viewed and photographed on a Hitachi H-30.4
The amount of manganese in aspen control chips was 41 ppm as determined by inductively coupled plasma emission
spectrometry.

RESULTS AND DISCUSSION

A cytochemical technique for the location of Mn(II) in wood and decayed wood was developed based upon a chemical spot
test for Mn(II). The spot test is a sensitive test for Mn(IT) and was successfully applied to agar gels with increasing
concentrations of Mn(II) and wood samples (Kuster 1994). Ferrous iron was the only other cation found that gave a positive
reaction when tested with ASN. Initialy, Fe(II) should not interfere because iron is present as Fe(lll) in wood. It is also
possible to mask Fe(Il), if Fe(lll) is reduced to Fe(Il) during decay, using a dilute cyanide solution (Kuster 1994).

An electron-dense product forms when ASN penetrates the wood tissues @& Mn(II) sites. The formation of a dark precipitate
containing manganese dioxide and finely divided silver results according to the following formula:

Mn*? + 2Ag(NH,); + 40H™ — MnO, + 2Ag°+4NH, + 2H,0

The reaction product is an adsorpticn complex between manganese oxide and metallic silver. As with any cytochemical
technique, there is concern of trandocation and whether the markers reflect the in vivo sites of Mn(II) (Lewis and Knight
1992). Pulping studies found that acid conditions are needed to remove metas from fibers, washing with water aone will not
remove the heavy metals. This suggests that MnIl). is tightly bound to the cell wall under neutral or akaline conditions.
Therefore, it is probable that the Mn(II)/silver reaction products remain fixed in the wood tissues. The Mn(IT)/silver reaction
products have a diameter of about 30 nm in the cell wall and are somewhat larger in cell lumens. This is possibly due to
limited diffusion of ASN into the cell wall versus the cell lumen or could be due to the space available between cell wall
congtituents for the reaction products to form.

3In rare instances, an explosive substance may form if the silver ammonia solution is allowed to stand for prolonged periods
(Smith 1943).
4The use of trade or firm names in this publication is for reader information and does not imply endorsement by the U.S.

Department of Agriculture of any product or service.
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Ammoniacal-silver-nitrate-treated control aspen chips showed Mn(II) scattered throughout the cell walls, with occasionaly
more Mn(Il) in the middie lamella (fig. 1). Aspen chips inoculated with Phanerochagte chrysosporium in a bioreactor for
2 weeks and then treated with ASN showed increased labeling in cells under fungal attack (fig. 2). Increased concentrations
of Mn(I) near hyphae were dso evident (fig. 2). The hypha sheath is usualy not well-preserved in conventional fixation
techniques. Occasionally, membrane-like structures can be seen in what remains of the sheath. Labeling of Mn(I) in
association with hyphal sheath and a hyphae is shown in figure 3.

In aspen samples decayed 10 weeks, the outer areas of the chips showed extensive decay (fig. 4). In these areas, only a
small amount of Mn(II) labeling was observed after treatment with ASN. It is possible that the structure is so loosened during
the decaying process that the precipitation products are washed out. Cells toward the interior of the chips, which showed less
extensive decay, had more Mn(II) present in the cell walls (fig. 5).

Figure 1. Transverse section of control aspen chip, treated with ASN at room temperature for 15 minutes. Black dots
represent Mn(II)/silver distribution in the middle lamella and cell walls. G, gelatinous layer; S, Sy ml, middle lamella; v,
vessel cell wall; L, cell lumen. TEM, 20,000~.
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Figure 2. Transverse section of aspen ch

post-fixed with | percent osmium tetroxide showing increased Mn(Il)/silver labeling in the §, which is undergoing decay.
Mn(1) labeling (arrow) also can be seen associated with the hyphae (&) in the cell lumen (Z). Middle lamella (ml). TEM,

16,500%.
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Figure 3. Transverse section of aspen chip decayed 2 weeks, treated with ASN for 15 minutes at room temperature, rinsed,
poet-fixed with | percent osmium tetroxide showing hyphal sheath (arrows) and hyphae (h). Mn(Il)/silyer labeling can be seen
46

in the sheath (small arrowheads) and near the hyphae (large arrowhead). S,; cell lumen (L). TEM, 14,000~.



Figure 4. Transverse section of aspen chip decayed 10 weeks, treated with ASN for 15 minutes at room temperature, unfixed.

Top portion of wood cell is undergoing extensive decay (small arrows) and has very little Mn(II)/silver labeling. The lower
portion of the wood cell is not as extensively decayed and has considerable more labeling (large arrows). h, hyphae

G,

ml, middie lamella. TEM, 6,000x.

;' S S,; L, lumen;

gelatinous layer
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Figure 5. Transverse section of aspen chip decayed 10 weeks, treated with ASN for 15 minutes at room temperature, unfixed.
Wood cell undergoing early stages of decay showing Mn(II)/silver 1abeling evenly distributed throughout the cell walls. h,
hyphae; L, lumen, S, S, ml, middle lamella; TEM, 9,000~.



CONCLUSIONS

A cytochemical location technique for the detection of Mn(iI) was developed and successfully applied to wood and
decayed wood. A reaction product between Mn(II) and metallic silver can be observed with the TEM, thus marking the location

of the Mn(ID) in the wood tissues. At 41 ppm in control aspen chips as detemmined by inductively coupled plasma
spectroscopy, Mn(II) was detected by this cytochemical technique.

Infommation presented in the electron micrographs on the location of manganese in the decayed wood cells suggests that
manganese has a role in the early stages of decay. A greater concentration of Mn(II) was noted for cdlls in the early stages
of decay and was found associated with the hyphal sheath. Higher manganese concentrations are associated with the production
of manganese peroxidase (Bonnamme and Jeffries 1990). Datta and others (1991) showed that manganese peroxidase
predominates in 3day cultures of aspen chips being decayed by Phanerochaete chrysosporium. When stabilized with an
organic acid, manganese peroxidase can oxidize Mn(II) to Mn(III) and cleave some lignin substructures (Bourbonnais and Paice
1989). However, it remains unknown if Mn(III) chelated with an organic acid acts as an oxidative mediator during wood decay
or if Mn(IT) isinvolved in the fommation of hydroxyl radicals.

Wood cells that showed advanced &cay in the electron micrographs had considerably less Mn(II) labeling. This suggests
MndII) is possibly (1) translocated away from this area, (2) precipitated as Mn02, (3) oxidized to Mn{III) and bound by a
suitable ligand, or (4) washed out during specimen preparation. Low manganese levels promote production of lignin peroxidase
(Bonnarme and Jeffries 1992). Lignin peroxidase was shown by immunocytochemistry to be involved in the later stages of
decay after the cell wall is loosened (Blanchette and others 1989, Daniel and others 1990, Srebotnik and Messsner 1988).
Additional Mn(II) labeling experiments with controlled culture conditions would be of interest.
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A. Biochemical Assessment of the Value of Top Clipping Nursery-Grown Loblolly Pine Seedlings’
Shi-Jean S. Sung, Paul P. Kormanik, and Clanton C. Black®

ABSTRACT

Seasonal sucrose metabolism (sucrolysis) was studied in taproot cambial tissues of nursery-grown

loblolly pine seedlings to assess the value of top clipping. In sucrose-importing taproots of

nonclipped seedlings, sucrose synthase (SS) was the dominant enzyme for sucrose cleavage, and
its activity exhibited a distinct seasona activity. Both root SS activity and growth were most
active during fall. Sucrose synthase activity decreased to the lowest level in mid-January and

resumed after that. Neither root acid invertase (Al) nor neutral invertase (NI) changed activity

appreciably through the seasons. Both August and September top clipping treatments decreased
seedling top weight by 20 percent to 45 percent whereas total root weight was slightly decreased
by August clipping only. Top clipping did not change the basic seasonal pattern of sucrolytic

pathway in taproot cambial tissues. However, 2 to 3 months after top clipping, losses of root SS

activity in clipped seedlings were observed. The largest decreases in SS activity occurred from
November through early January followed by another decrease during active shoot elongation.
Generally, August clipping decreased more root SS activity than September clipping. Neither root
Al nor NI activity was affected by the clipping treatment. It was concluded that: (1) sucrose
synthase was the dominant sucrolytic enzyme in cambial tissues of pine seedling taproots; (2)

sucrose synthase activity can be used as an indicator for the physiological status of tissues; and
(3) top clipping, especially in August, imposes stress on nursery seedlings based on biochemical
analysis and growth measurements.

Keywords: Sucrolysis, sucrose metabolism, sucrose synthase.

INTRODUCTION

Loblolly pine (Pinus taeda L.) is the most commonly planted conifer throughout the United States, with 1 billion
seedlings produced in the Southern United States in peak years (Johnson and others 1982). Since World War |1, great
progress has been made in the genetic improvement of seed source and in the nursery technology to produce this large
number of seedlings. A general rule was then suggested to eliminate culling if the percentage of small, damaged, or diseased
seedlings was less than 10 percent in any seedlot (May 1985b). Consequently, about 95 percent of each nursery crop was
commonly reported to be “ plantable seedlings” (May 1985a). However, many of these “plantable seedlings’ either did not
survive transplanting stress or grew poorly in the field (Weaver and others 198 1, Johnson and others 1982). Nonethel ess,
these practices continued because the seedlings appeared fairly uniform and were readily used in artificial forest regeneration
work.

Uniformity of the planting stock was achieved principally by heavy fertilization, irrigation, and by top clipping the faster
growing seedlings several times during the growing season (Dierauf 1976, Mexa and Fisher 1984). But we think these
procedures are flawed. For example, the more vigorous the growth of an individual seedling, the more often it was clipped.
Indeed, many seedlings that were in fact poor competitors were repeatedly released from competition by these cultural
practices. A close examination of these released seedlings revealed that about 20 to 30 percent of the crop still shared many
morphological traits with those considered culls in Wakeley’s original seedling grading system (1954). These traits include
succulent stems, poor development of secondary needles, and general absence of terminal buds.

With a better understanding of loblolly seedling biology and sucrose metabolism (sucrolysis) (Kormanik and others 1990,
199 1; Sung and others 1993), Kormanik and others (1992) developed a new nursery cultural technology both for growing

! Paper presented at Research and Applications of Chemical Sciences in Forestry; 1994 February |-2; Starkville,
MS.

* USDA Forest Service, Southeastern Forest Experiment Station, Institute of Tree Root Biology, Forestry Sciences
Laboratory, Athens, GA 30602; USDA Forest Service, Southeastern Forest Experiment Station, Athens, GA 30602;
Department of Biochemistry, University of Georgia, Athens, GA 30602, respectively.
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and sdecting loblolly pine seedlings. The technology requires as little as one-third to one-haf of the top dressing nitrogen
and water of those traditionally prescribed for nurseries. This technology does not employ top clipping to meet uniform
target height for planting because 70 to 80 percent of the crop are plantable seedlings of uniform size.

Sucrose is the mgor form of transocated carbohydrate in plants (Shiroya and others 1962, Zimmermann and Brown
197 1), and it initiates metabolism in recipient cells leading to growth and storage (Hubbard and others 1989; Sung and others
1989a, 1989b; Xu and others 1989). Of three enzymes cleaving sucrose, sucrose synthase (SS) is the dominant activity in
actively growing and storing tissues such as loblolly pine seedling stems (Sung and others 1993) or sweetgum seedling roots
(Sung and others 1989a). Sucrose synthase also has been reported to be an indicator for sucrose sink strength in growing
potato tubers (Sung and others 1989b) and for the physiological status of loblolly pine tissues under cold or transplanting
stress (Sung and others 1993).

It is clear that top clipping is another form of stress artificially imposed on nursery seedlings. When an actively growing
loblolly pine seedling is top clipped, it loses amost haf of the photosynthetically active secondary needles (Mexal and Fisher
1984). A few weeks later, numerous new shoots are initiated from cut needle fascicles (Dierauf 1976, Mexal and Fisher
1984). This observation suggests that reduced net photosynthate production and increased demand for sucrose by new shoot
growth will drastically change sucrose metabolism and hence change the source-sink dynamics between seedling tops and
roots. This study was a part of the nursery cultura technology trials by Kormanik and others (1992). Objectives of this study
were to determine how top clipping pine seedling influenced sucrolysis and to make a reassessment of the putative value of
top clipping by following the seasona patterns of seedling sucrolysis and growth.

METHODS

Loblolly pine seeds of mixed seedlots were stratified at 4 °C for 60 days and sown in mid-April, 1988, in 18.3- by 1.2-
by 1.2-m beds at the Whitehall Experimental Nursery in Athens, GA. Nursery cultura practices were as described by
Kormanik and other§ (1990) with similar levels of nitrogen fertilizer and irrigation commonly used in most commercial
nurseries. One-third of the seedlings were top clipped to 30 cm in height in mid-August, and the second one-third of
seedlings were top clipped to 37 cm in mid-September. One-third of the seedlings were never clipped and served as controls.
Beginning in August, 100 seedlings from each treatment were carefully harvested, and growth measurements such as top and
root dry weight and root collar diameter (RCD) were made at 2-week intervals.

Biweekly sampling for enzyme analysis also began in August, and there were two replicates for each sampling. Results
reported in this paper are the average of the two replications. Variations in enzyme activities between two replications were
less than 15 percent at dl times. Procedures for tissue sampling and biochemical anadysis were the same as those described
by Sung and others (1993). Root vascular cambial tissues were obtained by peeling the bark from taproots and scraping off
the inner (xylem-side) cambia tissue with a razor blade. At each sampling date, 10 to 40 pine seedlings were used to obtain
acomposite sample of 2.5 g fresh weight root cambial tissues. Enzyme extraction and assay procedures for sucrolytic
enzymes, namely sucrose synthase (SS), acid invertase (Al), and neutral invertase (NI), followed those by Sung and others
(1993). The protein content of each extract was determined with Bradford reagent (Bradford 1976) using bovine serum
albumin as the standard.

RESULTS AND DISCUSSION

Seasond growth measurements for dl treatments are presented in figure 1. From August through October, when top
growth was most active (fig. 1A), periodicity of root growth was observed (fig. IB). In November, between the two most
active periods of root growth, there was a period of dow growth. Both seedling top and root weights decreased in December
and January (figs. 1A and IB). This was also reported by DeWald and Feret (1988). It was suggested that this winter weight
loss was due to a maintenance type respiration (Kuhns and Gjerstad 1991).

In addition to remova of part of the seedling top at clipping, August clipping treatment decreased the rate of top weight
accumulation during the following active growing months (fig. 1A). September clipping treatment did not change top weight
accumulation rate, which had amost plateaued at clipping (fig. 1A). Similarly, Dierauf (1976) reported that top clipping
decreased stem diameter but not root system size. In this study, there were no significant differences in seedling root weight
(fig. IB) or root collar diameter (RCD) (data not shown) between nonclipped and September clipped seedlings. Up to 20
percent decreases in root weight (fig. 1B) and RCD (data not shown) were found in August clipped seedlings. There were
aso losses in both top and root weights during winter in clipped seedlings as in nonclipped controls.  However, it is not
known why the winter weight losses by clipped seedlings were not so obvious as those by the nonclipped controls.

One of the judtifications for top clipping is to grow uniform size seedlings (Dierauf 1976, May 1985a, Mexa and Fisher
1984). Indeed, in this study, the standard deviations for nonclipped seedling top and root weights were greater than those
of clipped seedlings (figs. 1A, 1B). Another reason to top clip is to improve seedling top:root ratio to1.5:1 to 3:1 (May
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1985a). In this study, top:root ratio was decreased from 6: 1 in the nonclipped seedlings to 4.5: 1 in the clipped seedlings (fig.
IC). This improvement of top:root ratio, however, was achieved because of decreased top weight rather than increased root
biomass as reported by Mexal and Fisher (1984). These oversized seedlings, with a RCD of 5.0 to 55 mm when stem
growth was finished for the year, were the results of heavy nitrogen fertilization and irrigation as used by most nurseries.
It became clear why nurserymen top clipped the same seedlings several times in the year when weather condition was most
suitable for growth. In this study, one-time top clipping in September did not affect much of the seedling top and root
growth, whereas August clipping had small negative effects on top growth.

A pine seedling can be looked a in a classicad manner as composed of sucrose source and sucrose sink tissues or organs.
The photosynthetic needles that produce and export photosynthate in the form of sucrose are sources. Tissues such as roots
that import sucrose for growth are sinks. The seasona patterns for sucrolytic enzyme activity in nonclipped taproot cambial
tissues are shown in figure 2. Similar to the findings by Sung and others (1993), SS was the dominant sucrose-cleaving
enzyme activity that adapted to seasonal and developmental changes. There was a three-fold difference in SS activity
between the lowest and the highest levels with the former occurring in the coldest month and the latter in November (fig.
2). A close refationship between the periodicity growth of root weight and taproot SS activity was observed throughout the
study (fig. 1B vs. fig. 2). Neither invertases played a significant sucrolytic role in pine roots, and the invertase activity did
not vary ether seasonaly or developmentally (fig. 2). It is quite clear from the results presented in figure 2 that SS can be
used as a sucrose sink strength indicator with [oblolly pine root.

In this study, 3 to 4 weeks after August clipping, new pine shoot tips emerged from cut fascicles. It took the September
clipped seedlings 4 to 6 weeks to develop new shoots. Most of these new shoots, especially on the September clipped
seedlings, did not form termina buds in the nursery bed. Top clipping not only decreases seedling sucrose source size by
removing photosynthetic needles, but aso increases sucrose sink size by initiating growth of new shoot tips. This contrasting
response to top clipping provided a chance to assess sucrolysis pathways in seedlings under a nonenviromnental, human-made
stress.

The effects of August clipping on seedling sucrolysis are presented in figure 3. Seasona sucrolysis pathway in August
clipped taproot cambial tissues (fig. 3) was similar to that of the nonclipped controls (fig. 2) with SS being the dominant and
adaptive activity. Sucrose synthase activity was 20 to 60 percent less in the August clipped seedling roots than that of
nonclipped seedlings (fig. 2 vs. fig. 3). The largest SS activity losses occurred in November, December, and March. Neither
Al nor NI activity was noticeably affected by clipping (fig. 3). This clipping study establishes that loblolly pine seedling
taproot SS activity changes can be mediated by either seasonal or human-made stress as suggested earlier by Sung and others
(1993).

All three sucrose cleaving enzyme activities in September clipped seedling taproots (data not shown) did not differ in
the seasona patterns from those of the nonclipped and August clipped seedlings. There is a similarly close relationship
between root growth and SS activity for September clipped seedlings to that of nonclipped seedlings. Furthermore, SS loss
by September clipping was less when compared with that by August clipping.

Both August and September clipping affected SS activity more than root weight. For example, average seasond |0sses
in taproot SS activity and total root weight were 35 percent and 5 percent for the August clipped seedlings and 26 percent
and 0.5 percent for the September clipped seedlings. This suggests that the physiological status of pine seedlings at lifting
is more critical for seedling's surviving transplanting stress than tota root weight. Dierauf (1976) reported a higher field
survival percentage from September clipped seedlings than from August clipped seedlings athough both types of seedlings
had similar top:root ratio. A genera term like “physiological response” was used by Dierauf to reason this discrepancy.
Results of this study, however, suggested that SS activity can be used as the qualitative and quantitative indicator for seedling
physiologica  status.

CONCLUSIONS
Sucrose synthase was the dominant sucrose metabolizing activity in taproot cambia tissues during active root growth
in fal and early winter with both invertase activities constant through development. The negative effects of top clipping,
especidly the August clipping, on loblolly pine seedlings were a least two-fold: losses of taproot cambia tissue SS activity
through the seasons and decreases in top weight accumulation rate. These results support earlier conclusions about the
detrimental effects of top clipping on loblolly pine seedlings.
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Figure 1. Growth measurements of loblolly pine seedlings. Seeds were sown in mid-April. Data are means of 100 seedlings.
Bar represents £ | SE. (A) Top dry weight. (B) Total root dry weight. Standard error (SE) for August clipping
treatment were similar to those of September clipping and were not shown here.  (C) Ratio between seedling top

and total root dry weight.
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Figure 2. Seasonal specific activity patterns of three sucrose metabolizing enzymes, sucrose syhtnase (88}, acid invertase,
(Al), and neutral invertase (NI), in taproots of nonclipped loblolly pine seedlings. Soluble extracts from taproot
cambial tissues were used in all assays. Each value is the average of two replications.
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Figure 3. Seasonal specificty activity patterns of three sucrose metabolizing enzymes in taproots of August clipped loblolly
pine seedlings. Soluble extracts from taproot cambial tissues were used in all assays. Each value is the average
of two replications.
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Ellagic Acid Effects on Benzyladenine-induced Adventitious Organogenesir in Longleaf Pine’
A.M. Diner and M. Eliasson?

ABSTRACT
The -objective of this investigation was to identify any effects of the antimutagen ellagic acid upon cytokinin-induced
adventitious shoot organogenesis in longleaf pine (Pinus palustris L.). Hypocotyl apices and cotyledons of S-day-germinated
seedlings of longleaf pine were aseptically placed in petri dishes containing an agar-solidified Brown and Lawrence nutrient
medium that was supplemented with 44 micromolar ben~yladenine (BA) or ellagic aci